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Abstract
It is on a global scale to develop affordable, rapid, portable and accurate diagnostic devices,
especially for early detection which is important to improve disease management and treatment
outcomes. Microfluidics as diagnostic devices have quickly developed for decades because of its
distinguishing features with the ability to process a small amounts and volumes (𝑝𝐿 − 𝑛𝐿) of
specimen in short analysis times (min or s), amenability to integration/multiplexing and highthroughput analysis, automation, cost, disposability and portability. In microfluidic system,
electroosmotic pumps (EOPs), as one kind of micro-pumps which frequently perform essential
functions to process the solution flow, have already got attention because of possessing several
unique features and have been widely employed into various applications. However, the limits of
the types of materials and time-consuming fabrication process have delayed the further development
of EOPs as well as others microfluidic devices. To streamline microfluidics system into a broader
research field even commercialized domain, novel fabrication methods and new materials need to
be further developed. Three-dimensional (3D) printing has shown the great potential to fabricate
micro-scale structures and microfluidic devices as it offers a broader range of materials and
possibilities to quickly and accurately fabricate structures with complex 3D features. Fused
deposition modelling (FDM) is able to provide many significant advantages such as cost
effectiveness, higher user accessibility and a wide range of polymer materials as well as one obvious
challenge aspect, low resolution, when it is used to manufacture microfluidics devices. To date the
To date the FDM technique has not received wide attention for the production of micro-channels or
capillaries with dimensions in the range of 40-250 𝜇𝑚, critical for the use in EOPs, using typical
regular print nozzles of 400 𝜇𝑚 in diameter. FDM-3D printed capillary EOPs have therefore not
been considered to be feasible, this thesis therefore focuses on the development of FDM-3D printed
approaches to successfully produce functional EOPs.

The concepts of FDM-3D printed capillary structures based on FCC (face centre cubic) and BCC
(body centre cubic) log-pile like filaments arrangements by controlling G-code using commercial
polymers such as PLA, PVC and PS have been demonstrated (Chapter 3). 3D printed FCC and BCC
single-capillary structures were firstly fabricated to show the availability of capillary with 40-250
𝜇𝑚 in dimensions using FDM printed with regular nozzles (400 𝜇𝑚 in diameter). 3D printed FCC
and BCC multi-capillary structures were then manufactured to present the characterization of these
capillaries such as the distribution, dimension etc. 3D printed structures’ properties were further
investigated by pressure-resistance tests and mechanical tests to illustrate these capillaries could be
treated as the channels of pumping flow. As a result, the aim of chapter was to prove that the
capillaries with 40-250 𝜇𝑚 dimensions can be made using FDM technique, thereby improving upon
the low resolution limitations of the FDM printer.

1

Due to the tested results (Chapter 3) that PLA printed capillary structures had noticeably high
pressure resistance and the printed PLA capillaries were uniform and well distributed, FDM-3D
PLA printed capillary structures in Chapter 4 were then chosen to be assembled as EOPs which
consisted of two 3D printed-reservoirs (or 600 µl micro-centrifuge tubes), 3D printed-capillary
structures and glass capillary tubes. The flow and thermal properties of these FDM-3D printed PLA
capillary EOPs were investigated comprehensively and symmetrically under the different
experimental conditions. The flow rates of EOPs were affected directly by the applied voltage, the
size, number and length of capillaries, the concentrations of different buffer solution and its pH
value, which matches the theoretical parts (Chapter 1). The maximum flow rate of a single capillary
EOP was up to 2.5 μl/min at electric fields of up to 750 V/cm. The thermal properties of EOPs were
mainly influenced by the applied voltage, the size of capillaries and the concentrations of different
buffer solution. The measured results (Chapter 4) show that FDM-3D printed PLA capillary EOPs
exhibited a good performance which could be integrated into microfluidic system for bioreactors or
biosensors.

Thermoplastic polyurethane (TPU) was chosen as it has remarkable flexibility and 3D printability,
providing the possibilities of making flexible microfluidics. 3D printed FCC and BCC singlecapillary and multi-capillary structures were firstly fabricated after the optimal printing parameters
of forming capillaries were explored. The TPU capillary structures can be knotted easily and the
impact of shape changes of these samples on the flow was slightly different in terms of the pressure
values of before and after knotting, which demonstrated the flexibility of capillary structures and
the potential in flexible microfluidics. After assembling TPU capillary structures into EOPs, the
flow and thermal properties of these FDM-3D printed TPU capillary EOPs were then investigated
comprehensively and symmetrically using the similar methodology of FDM-3D printed PLA
capillary EOPs. The maximum flow rate of a single capillary EOP was up to 2.0 μl/min at electric
fields of up to 750 V/cm. The measured results (Chapter 5) show that FDM-3D printed TPU
capillary EOPs’ performance was good to be integrated into flexible even wearable microfluidic
devices and could be used into body monitors field.

Considering that the joule heating is always problematic especially when the high voltage is apply
along EOPs, removing heat from capillary structures is an effective way to reduce the impact of
high temperature on capillary materials and flow properties of capillary EOPs. It is therefore
reasonable to consider increasing the thermal conductivity of the capillary material in order to
improve heat dissipation at higher voltages. Boron nitride (BN) nanopowder with high thermal
conductivity was chosen to make composites with polyurethane (PU). BNPU composites materials
with different percentage BN in PU were employed to fabricate FCC and BCC 1-capillary structures
using extrusion-based printers. After these capillary structures were assembled into EOPs, the flow
and thermal properties of these BNPU capillary EOPs were then investigated in different
experimental conditions. The flow rates of BNPU capillary EOPs were affected slightly by the
increasing proportion of BN in PU, however, the maximum temperature difference between a PU
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EOP without BN filler and a 20% w/w BN-PU EOP was 20°C. This means that the BN could have
a positive impact on the heat dissipation of BNPU EOPs, thereby improving one challenge of
accelerating joule heating with the application of high voltage (Chapter 6).

In order to achieve the high flow rate of EOPs with the application of low voltage to broaden the
EOPs into different fields, a proof-of-concept that carbon-based composites PLA capillary
structures can be fabricated using the negative space printing technique and carbon-based
composites PLA EOPs were functional (Chapter 7). Carbon-based fillers such as liquid crystalline
graphene oxide (LCGO) and edge functionalized graphene (EFG), at a range of loadings, were
mixed into PLA by extruder to make composites filaments. The capillary structures based on FCC,
BCC and AB2 filament arrangements were printed successfully, due to the results that the capillaries
were well distributed and relatively uniform in the different configurations of capillary samples.
After assembling these capillary samples into EOPs, the flow rates of EFG/PLA 1-capillary EOPs
were then tested. As a result, the EFG/PLA EOPs performed well with low voltage but were affected
dramatically by other factors such as bubbles.

To summarise, in my work FDM-3D printing technique has been explored to fabricate capillary
structures based on FCC and BCC filaments arrangements using commercial polymers such as PLA
and TPU and nanofillers-modified polymers such as EFG/PLA and BNPU. These printed capillary
structures including single capillary and multiply capillaries then have been assembled as key parts
of DC driven EOPs. The flow and thermal properties of these FDM-3D printed capillary EOPs have
been investigated comprehensively and symmetrically under the different experimental conditions.
These capillary EOPs have shown significant potential and advantages in different applications
(biosensors, personal cooling system, and wearable microfluidics etc.). This body of work is focused
towards the development of novel electroosmotic pumping structures and configurations for
incorporation into microfluidic systems.

3

Acknowledgments
I would like to firstly acknowledge the invaluable role of my supervisor, Professor Peter Innis, and
my co-supervisors, Dr. Stephen Beirne, Professor Gordon Wallace and Professor Brett Paull for
their continuous support, valuable ideas, regular discussions and guidance throughout my project.
Particularly, I really appreciate the way of Peter’s supervision based on student-centred and studentself driven with his professional suggestions and encouragement. I would like to express my sincere
gratitude to Dr. Stephen Beirne for his help in 3D printing field during the four years study. I am
very willing to thank Gordon for providing me with a great opportunity to do my PhD in a
remarkable research institute where I can broaden my horizons and enhance my skills. I would like
to thank Brett, helping me with his professional ideas and advice in the microfluidic field.
In addition, I would like to acknowledge Mr. Grant Barnsley who has always been helpful to me no
matter when or what I need for my experiments in the development of 3D designs and 3D printed
objects in the lab. I am grateful to Dr. Joan Marc Cabot for his advice and assistance in
electroosmotic experiments. I appreciate the assistance of Dr. Patricia Hayes, “My Twinnie
(Decades gap)” on the HPLC operations and samples’ characterizations. I sincerely thank Dr.
Cormac Fay, “Mr. Bean”, for his continuous update on “The Swiss Story” that I loved during my
whole PhD period and his excellent and unique perspectives on scientific research. I appreciate Mr.
Adam Taylor, Mr. Ali Jeirani, Dr. Sepidar Sayyar, Mrs. Hadis Khakbaz, Mr. Joshua Brooks, and
Dr. Syamak Farajikhah for their assistance in the lab. I would also like to thank Mr. Tony Romeo
and Dr. Mitchell Nancarrow at Electron Microscopy Centre for their help and train on SEM and
optical microscopes. Big thanks to my friends, Dr. Changchun Yu, Miss. Chunyan Qin, Dr. Dan
Yang, Dr. Ge Yu, Dr. Jianfeng Li, Dr. Kewei Shu, Mr. Kezhong Wang, Miss. Lingzhi Kang, Dr.
Long Zhang, Dr. Qi Gu, Dr. Qijie Wu, Dr. Tian Zheng, Dr. Xiaoteng Jia, Dr. Yang Xiao, Mr. Yuchao
Fan, Dr. Yuqing Liu, Dr. Yunfeng Chao, Mrs. Ying Zhou, Dr. Yong Zhao and Dr. Zhi Chen, making
my life in Australia wonderful and cheerful.
I would like to acknowledge the University of Wollongong, the Australian National Fabrication
Facility (ANFF) and the ARC Centre of Excellence for Electromaterials Sciences (ACES) for the
scholarships and financial support. Huge thanks to the friendly staff and students of the Intelligent
Polymer Research Institute (IPRI).
Last, but not least, I would like to express my sincere gratitude to my parents and my brother for
their endless love and support throughout my life.

4

Certification
I, Liang Wu, declare that this thesis submitted in fulfilment of the requirements for the conferral
of the degree Doctor of Philosophy, from the University of Wollongong, is wholly my own work
unless otherwise referenced

or acknowledged. This document has not been submitted for

qualifications at any other academic institution.

Liang Wu
31st October 2019

5

List of Names or Abbreviations
Tris

tris(hydroxymethyl)aminomethane

CHES

n-cyclohexyl-2-aminoethanesulfonic acid

PBS

phosphate buffered saline

EFG

edge functionalised graphene

LCGO

liquid-crystalline graphene oxide

BN

boron nitride

PLA

polylactic acid

PVC

polyvinyl chloride

PS

polystyrene

PDMS

poly(dimethylsiloxane)

TPU

thermoplastic polyurethane

PU

polyurethane

BNPU

boron nitride polyurethane

EFG/PLA

edge functionalised graphene polylactic acid

LCGO/PLA

liquid-crystalline graphene oxide/polylactic acid

LCGO/EFG/PLA liquid-crystalline graphene oxide/edge functionalised graphene/polylactic acid
3D

three-dimensional

cm

centimeter

mm

millimeter

s

second

min

minute

𝜇𝑙

microliter

𝜇𝑚

micrometer

𝑚𝑀

micro mole/liter

FDM

Fused Deposition Modelling

PJM

Polyjet

SLS

Selective Laser Sintering

SLA

Stereolithography

EOPs

electroosmotic pumps

EDL

electric double layer

EOF

electroosmotic flow

BCC

body-center-cubic

FCC

face-center-cubic

𝑅𝑒

Reynolds number

𝜌𝑓

fluid density

𝜇

viscosity

𝑉𝑎𝑣𝑔

average velocity
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𝐷ℎ

hydraulic diameter

𝐴𝑐

cross-sectional area of the channels

𝑝𝑤

wetted perimeter

𝜀𝑒

electric permittivity

𝑅

gas constant

𝑇

temperature

𝜆𝐷

Debye length

𝐹

Faraday’s constant

𝑧𝑖

valence of the 𝑖 th species

𝑐𝑖

concentration of the 𝑖 th species

𝑣

flow velocity

𝑝

fluid pressure

𝜌𝑒

net charge density

𝐸(𝜔𝑡)

electric field strength

𝜀

dielectric constant

𝜓

potential distribution

𝑐𝑖∞

ionic number concentration in the bulk solution of 𝑖 th species

e

fundamental electric charge

𝒦𝑏

Boltzmann's constant

𝜅

Debye-Huckel parameter

𝐶𝑝

specific heat

𝜅(𝑇)

temperature dependent thermal conductivity

Φ

viscous dissipation term

𝜎(𝑇)

temperature dependent electrical conductivity of the liquid

u

velocity vector

𝑄

power density

r

radius

h

heat transfer coefficient from the capillary to the surrounding environment

𝒦

thermal conductivity
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Figure 4. 5 The flow properties of PLA-BCC single capillary EOPs (A) The current versus test time of PLABCC EOPs (10 mm). (B)The current versus test time of PLA-BCC EOPs (20 mm). (C) The current versus test
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time of PLA-BCC EOPs (40 mm). (D) The flow rate of PLA-BCC EOPs with various lengths versus applied
positive voltage.

Figure 4. 6 The flow properties of PLA-BCC single capillary EOPs with different lengths at ±600𝑉~ ±
1500𝑉 over 300s. A: PLA-BCC-10mm±600V-300s; B: PLA-BCC-10mm±800V-300s; C: PLA-BCC10mm±1000V-300s; D: PLA-BCC-10mm±1200V-300s; E: PLA-BCC-10mm±1500V-300s; F: PLA-BCC20mm±600V-300s; G: The flow rate of PLA-BCC 10mm EOPs over 300s versus applied voltages; H:PLABCC-20mm±800V-300s; I:PLA-BCC-20mm±1000V-300s; J: PLA-BCC-20mm±1200V-300s; K:PLA-BCC20mm±1500V-300s; L: The flow rate of PLA-BCC 20mm EOPs over 300s versus applied voltages; M:PLABCC-40mm±600V-300s; N: PLA-BCC-40mm±800V-300s; O: PLA-BCC-40mm±1000V-300s;P: PLA-BCC40mm±1200V-300s;Q: PLA-BCC-40mm±1500V-300s;R: The flow rate of PLA-BCC 40mm EOPs over 300s
versus applied voltages; S: The flow properties of PLA-BCC single capillary EOPs with different lengths at
600V over 300s.

Figure 4. 7 The flow rates of PLA single capillary EOPs vs. the natural logarithm of the concentrations for
different buffers (Na2CO3 and NaHCO3 (pH=10.0); Tris-CHES (pH=8.83); PBS (pH=6.6) at different
voltages).(A) PLA-FCC EOPs at 100V-1500V with Na2CO3 and NaHCO3; (B)PLA-BCC EOPs at 100V-1500V
with Na2CO3 and NaHCO3;(C) PLA-FCC EOPs at 100V-1500V with Tris-CHES;(D) PLA-BCC EOPs at
100V-1500V with Tris-CHES; (E) PLA-FCC EOPs at 100V-1500V with PBS; (F) PLA-BCC EOPs at 100V1500V with PBS; (G) PLA-FCC EOPs at -1500V~-100V with Na2CO3 and NaHCO3; (H) PLA-BCC EOPs at
-1500V~ -100V with Na2CO3 and NaHCO3;(I) PLA-FCC EOPs at -1500V~ -100V with Tris-CHES; (J) PLABCC EOPs at -1500V~ -100V with Tris-CHES; (K) PLA-FCC EOPs at -1500V~ -100V with PBS; (L) PLABCC EOPs at -1500V~ -100V with PBS.

Figure 4. 8 The flow rates of PLA-FCC single capillary EOPs vs pH values of solution
Figure 4. 9 The flow rates of deliver and receive sides of PLA single capillary EOPs with different voltage
versus tested time. (A) PLA-FCC; (B) PLA-BCC

Figure 4. 10 The height change of deliver side and receive side of PLA single capillary EOPs versus the
tested time (15mins). (A) PLA-FCC EOPs at 600V in 1-min interval; (B) PLA-FCC EOPs at 600V over 15mins;
(C) PLA-FCC EOPs at 800V in 1-min interval; (D) PLA-FCC EOPs at 800V over 15mins; (E)PLA-FCC EOPs
at 1000V in 1-min interval; (F) PLA-FCC EOPs at 1000V over 15mins;(G) PLA-BCC EOPs at 600V in 1-min
interval; (H) PLA-BCC EOPs at 600V over 15mins;(I) PLA-BCC EOPs at 800V in 1-min interval; (J) PLABCC EOPs at 800V over 15mins; (K)PLA-BCC EOPs at 1000V in 1-min interval; (L) PLA-BCC EOPs at
1000V over 15mins

Figure 4. 11 The temperature difference and the thermal images of PLA-FCC 1-single EOPs at different
voltage (400-1000V) with various concentrations of buffer. Figure 4.11A the temperature curves of PLA-FCC
1-single EOPs with and without voltage applied. Figure 4.11B the thermal images of PLA-FCC 1-single EOPs.

Figure 4. 12 The temperature difference and the thermal images of PLA-BCC 1-single EOPs with different
voltage (400-1000V) and various concentrations of buffer. Figure 4.12A the temperature curves of PLA-BCC
1-single EOPs with and without voltage applied. Figure 4.12B the thermal images of PLA-BCC 1-single EOPs
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Figure 4. 13 The temperature of PLA 1-single EOPs generated after applied 600V over 1 minute and 5
minutes. A PLA-FCC EOPs; B PLA-BCC EOPs.

Figure 4. 14 The properties of PLA-FCC multi-capillary EOPs (20 mm). (A) The current versus the test time
of PLA-FCC 4-capillary EOPs;(B) The current versus the test time of PLA-FCC 9-capillary EOPs;(C) The
current versus the test time of PLA-FCC 16-capillary EOPs;(D) The current versus the test time of PLA-FCC
25-capillary EOPs;(E) The current of PLA-FCC multiple-capillary EOPs at 100V versus time

Figure 4. 15 The flow rates of PLA-FCC EOPs with the different number of capillaries versus applied voltage.
Figure 4. 16 The properties of PLA-BCC multi-capillary EOPs (20mm). (A) The current versus the test time
of PLA-BCC 4-capillary EOPs;(B) The current versus the test time of PLA-BCC 9-capillary EOPs;(C) The
current versus the test time of PLA-BCC 16-capillary EOPs;(D) The current versus the test time of PLA-BCC
25-capillary EOPs;(E) The current of PLA-BCC multiple-capillary EOPs at 100V versus time

Figure 4. 17 The flow rates of PLA-BCC EOPs with the different number of capillaries versus applied voltage.
Figure 4. 18 FDM-3D printed PLA-EOPs. (A) FDM printed EOPs consisted in 2 reservoirs, FCCcapillary structure, 2 SLA- printed lids and 4 glass tubes. (B)Micro CT characterized PLA-EOP
devices and structures. (B1) Top view of printed PLA-EOP; (B2) Front view of Reservoir 1Capillary joint;(B3) The cross-section view of reservoir and capillary structure;(B4) The crosssection view of capillary structure.
Figure 5. 1 The cross-sectional views of 3D printed TPU capillary structures. (A)TPU-FCC 1-capillar
printed structure (B) TPU-FCC 1-capillar designed structure (C) TPU-BCC single capillary printed structure
(D) TPU-BCC single capillary designed structure (E) TPU-FCC multi-capillary printed structure (F) TPUFCC multi-capillary designed structure (G) TPU-BCC multi-capillary printed structure (H) TPU-BCC multicapillary designed structure

Figure 5. 2 The relationship between the pressure values of 3D printed TPU-FCC/BCC single capillary
structures before and after knotting into figure 8 shape

Figure 5. 3 The relationship between the pressure values of 3D printed TPU-FCC 4-capilalry and TPUBCC 3-capillary structures before and after knotting into figure 8 shape

Figure 5. 4 The properties of TPU-FCC single capillary EOPs (A) The current versus test time of TPU-FCC
EOPs (10mm). (B) The current versus test time of TPU-FCC EOPs (20mm). (C) The current versus the test
time of TPU-FCC EOPs (40mm). (D) The flow rates of TPU-FCC EOPs with various lengths versus the applied
positive voltage.

Figure 5. 5 The flow properties of TPU-FCC single capillary EOPs with different lengths at ±600𝑉~ ±
1500𝑉 over 300s. A: TPU-FCC-10mm±600V-300s; B: TPU-FCC-10mm±800V-300s; C: TPU-FCC10mm±1000V-300s; D: TPU-FCC-10mm±1200V-300s; E: TPU-FCC-10mm±1500V-300s; F: The flow rate
of TPU-FCC 10mm EOPs over 300s versus applied voltages; G: TPU-FCC-20mm±600V-300s;H:TPU-FCC20mm±800V-300s; I:TPU-FCC-20mm±1000V-300s; J:

TPU-FCC-20mm±1200V-300s; K:TPU-FCC-

20mm±1500V-300s; L: The flow rate of TPU-FCC 20mm EOPs over 300s versus applied voltages; M:TPU-
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FCC-40mm±600V-300s; N: TPU-FCC-40mm±800V-300s; O: TPU-FCC-40mm±1000V-300s;P: TPU-FCC40mm±1200V-300s;Q: TPU-FCC-40mm±1500V-300s;R: The flow rate of TPU-FCC 40mm EOPs over 300s
versus applied voltages; S: The flow properties of TPU-FCC single capillary EOPs with different lengths at
600V over300s

Figure 5. 6 The properties of TPU-BCC single capillary EOPs (A) The current versus test time of TPU-BCC
EOPs (10mm). (B) The current versus test time of TPU-BCC EOPs (20mm). (C) The current versus test time
of TPU-BCC EOPs (40mm).(D) The flow rates of TPU-BCC EOPs with various length versus the applied
positive voltage

Figure 5. 7 The flow properties of TPU-BCC single capillary EOPs with different lengths at ±600𝑉~ ±
1500𝑉 over 300s. A: TPU-BCC-10mm±600V-300s; B: TPU-BCC-10mm±800V-300s; C: TPU-BCC10mm±1000V-300s; D: TPU-BCC-10mm±1200V-300s; E: TPU-BCC-10mm±1500V-300s; F: The flow rate
of TPU-BCC 10mm EOPs over 300s versus applied voltages; G: TPU-BCC-20mm±600V-300s; H:TPU-BCC20mm±800V-300s; I:TPU-BCC-20mm±1000V-300s; J:

TPU-BCC-20mm±1200V-300s; K:TPU-BCC-

20mm±1500V-300s; L: The flow rate of TPU-BCC 20mm EOPs over 300s versus applied voltages; M:TPUBCC-40mm±600V-300s; N: TPU-BCC-40mm±800V-300s; O: TPU-BCC-40mm±1000V-300s;P: TPU-BCC40mm±1200V-300s;Q: TPU-BCC-40mm±1500V-300s;R: The flow rate of TPU-BCC 40mm EOPs over 300s
versus applied voltages; S: The flow properties of TPU-BCC single capillary EOPs with different lengths at
600V over300s

Figure 5. 8 The flow rates of TPU single capillary EOPs vs. the natural logarithm of the concentrations for
different buffers (Na2CO3 and NaHCO3 (pH=10.0); Tris-CHES (pH=8.83); PBS (pH=6.6) at different
voltages).(A) TPU-FCC EOPs at 100V-1500V with Na2CO3 and NaHCO3; (B)TPU-BCC EOPs at 100V-1500V
with Na2CO3 and NaHCO3;(C) TPU-FCC EOPs at 100V-1500V with Tris-CHES;(D) TPU-BCC EOPs at
100V-1500V with Tris-CHES; (E) TPU-FCC EOPs at 100V-1500V with PBS; (F) TPU-BCC EOPs at 100V1500V with PBS; (G) TPU-FCC EOPs at -1500V~ -100V with Na2CO3 and NaHCO3; (H) TPU-BCC EOPs
at -1500V~ -100V with Na2CO3 and NaHCO3;(I) TPU-FCC EOPs at -1500V~ -100V with Tris-CHES; (J)
TPU-BCC EOPs at -1500V~ -100V with Tris-CHES; (K) TPU-FCC EOPs at -1500V~ -100V with PBS; (L)
TPU-BCC EOPs at -1500V~ -100V with PBS.

Figure 5. 9 The flow rates of TPU-BCC single capillary EOPs vs pH
Figure 5. 10 The flow rates of deliver and receive sides of TPU single capillary EOPs with different voltage
versus tested time. (A) TPU-FCC; (B) TPU-BCC.

Figure 5. 11 The height change of deliver side and receive side of TPU single capillary EOPs versus the
tested time (15mins). (A) TPU-FCC EOPs at 600V in 1-min interval; (B) TPU-FCC EOPs at 600V over 15mins;
(C) TPU-FCC EOPs at 800V in 1-min interval; (D) TPU-FCC EOPs at 800V over 15mins; (E)TPU-FCC EOPs
at 1000V in 1-min interval; (F) TPU-FCC EOPs at 1000V over 15mins;(G) TPU-BCC EOPs at 600V in 1-min
interval; (H) TPU-BCC EOPs at 600V over 15mins;(I) TPU-BCC EOPs at 800V in 1-min interval; (J) TPUBCC EOPs at 800V over 15mins; (K)TPU-BCC EOPs at 1000V in 1-min interval; (L) TPU-BCC EOPs at
1000V over 15mins;(M) TPU-BCC EOPs at 600V over 70 mins (in 10-min interval)
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Figure 5. 12 The temperature difference and the thermal images of TPU-FCC 1-single EOPs at different
voltage (400-1000V) and various concentrations of buffer. (A) The temperature curves of TPU-FCC 1-single
EOPs with and without voltage applied. (B) The thermal images of TPU-FCC 1-single EOPs

Figure 5. 13 The temperature difference and the thermal images of TPU-BCC 1-single EOPs with different
voltage (400-1000V) and various concentrations of buffer. (A) The temperature curves of TPU-BCC 1-single
EOPs with and without voltage applied. (B) The thermal images of TPU-BCC 1-single EOPs.

Figure 5. 14 The temperature of TPU 1-single EOPs generated after applied 600V over 1 minute and 5
minutes. (A) TPU-FCC EOPs; (B) TPU-BCC EOPs.

Figure 5. 15 The properties of TPU-FCC multi-capillary EOPs (20mm) (A) The current versus the test time
of TPU-FCC 4-capillary EOPs. (B) The current versus the test time of TPU-FCC 9-capillary EOPs. (C) The
current versus the test time of TPU-FCC 16-capillary EOPs. (D) The current versus the test time of TPU-FCC
25-capillary EOPs. (E) The current of TPU-FCC multiple-capillary EOPs at 200V versus time.

Figure 5. 16 The flow rates of TPU-FCC EOPs with the different number of capillaries versus the application
of voltage

Figure 5. 17 The properties of TPU-BCC multi-capillary EOPs (20mm) (A) The current versus test time of
TPU-BCC 3-capillary EOPs. (B) The current versus the test time of TPU-BCC 6-capillary EOPs. (C) The
current versus the test time of TPU-BCC 10-capillary EOPs. (D) The current versus the test time of TPU-BCC
15-capillary EOPs. (E) The current of TPU-FCC multiple-capillary EOPs at 200V versus time.

Figure 5. 18 The flow rates of TPU-BCC EOPs with the different number of capillaries versus the application
of positive voltage

Figure 6. 1 The cross-sectional images of 0-20BNPU-FCC single capillary structures (A: 0BNPU-FCC; B:
1BNPU-FCC; C: 3BNPU-FCC; D: 5BNPU-FCC; E: 10BNPU-FCC; F: 20BNPU-FCC; G digital FCC design

Figure 6. 2 The cross-sectional images of 0-20BNPU-BCC single capillary structures (A: 0BNPU-BCC; B:
1BNPU-BCC; C: 3BNPU-BCC; D: 5BNPU-BCC; E: 10BNPU-BCC; F: 20BNPU-BCC; G digital BCC
design)

Figure 6. 3 Graphs of the measured current versus applied voltage along 0-20BNPU-FCC single capillary
EOPs. (A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs;
(E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs

Figure 6. 4 Graphs of the measured current versus applied voltage along 0-20BNPU-BCC single capillary
EOPs.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs;
(E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
Figure 6. 5 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC single
capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V

Figure 6. 6 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC
single capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V
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Figure 6. 7 Graph of the flow rates versus the applied voltage along 0-20BNPU-FCC single capillary EOPs.
Figure 6. 8 Graph of the flow rates versus applied voltage along 0-20BNPU-BCC single capillary EOPs.
Figure 6. 9 Graphs of the measured temperature difference versus the time before and after applying voltage
(400V-1500V) along 0-20BNPU-FCC single capillary EOPs over 60s.(A)0BNPU-FCC EOPs; (B)1BNPUFCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC
EOPs

Figure 6. 10 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage
(200V-1500V) in 60s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPUFCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs

Figure 6. 11 Graphs of the measured temperature difference versus the time before and after applying voltage
(400V-1500V) along 0-20BNPU-BCC single capillary EOPs over 60s.(A)0BNPU-BCC EOPs; (B)1BNPUBCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC
EOPs

Figure 6. 12 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage
(200V-1500V) over 60s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPUBCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs

Figure 6. 13 Graphs of the measured temperature difference versus the time before and after applying voltage
(600V-1000V) along 0-20BNPU-FCC single capillary EOPs over 300s.(A)0BNPU-FCC EOPs; (B)1BNPUFCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC
EOPs

Figure 6. 14 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage
(600V-1000V) over 300s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs

Figure 6. 15 Graphs of the measured temperature difference versus the time before and after applying voltage
(600V-1000V) along 0-20BNPU-BCC single capillary EOPs over 300s.(A)0BNPU-BCC EOPs; (B)1BNPUBCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC
EOPs.

Figure 6. 16 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage
(600V-1000V) over 300s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs

Figure 6. 17 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC
single capillary EOPs over 60s per time.(A)0BNPU-FCC EOPs;(B)1BNPU-FCC EOPs; (C)3BNPU-FCC
EOPs;(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs;(F)20BNPU-FCC EOPs

Figure 6. 18 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC
single capillary EOPs over 60s per time.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC
EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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Figure 6. 19 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC
single capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V

Figure 6. 20 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC
single capillary EOPs in the testing time of 300s. (A) ±600V; (B) ±800V; (C) ±1000V

Figure 6. 21 Graph of the flow rates versus the applied voltage along 0-20BNPU-FCC single capillary EOPs.
Figure 6. 22 Graph of the flow rates versus the applied voltage along 0-20BNPU-BCC single capillary
EOPs.

Figure 6. 23 Graphs of the measured temperature difference versus the time before and after applying
voltage (400V-1500V) along 0-20BNPU-FCC single capillary EOPs over 60s.(A)0BNPU-FCC EOPs;
(B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs;
(F)20BNPU-FCC EOPs

Figure 6. 24

The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying

voltage (200V-1500V) over 60s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs

Figure 6. 25 Graphs of the measured temperature difference versus the time before and after applying
voltage (400V-1500V) along 0-20BNPU-BCC single capillary EOPs over 60s.(A)0BNPU-BCC EOPs;
(B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs;
(F)20BNPU-BCC EOPs

Figure 6. 26 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage
(200V-1500V) over 60s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPUBCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs

Figure 6. 27 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage
(600V-1000V) over 300s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs

Figure 6. 28 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC
single capillary EOPs in the testing time of 300s. (A) ±600V; (B) ±800V; (C) ±1000V

Figure 6. 29 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC
single capillary EOPs in the testing time of 300s.(A) ±600V;(B) ±800V; (C) ±1000V

Figure 6. 30 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage
(600V-1000V) over 300s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs

Figure 7. 1 The cross-sectional images of the FCC and BCC single capillary structures using the extruded
pure PLA (grey) and composites EFG/PLA (black). (A1)0EFG/PLA-FCC; (A2)0EFG/PLA-BCC;
(B1)5EFG/PLA-FCC; (B2)5EFG/PLA-BCC; (C1)10EFG/PLA-FCC; (C2)10EFG/PLA-BCC; (D1) schematic
FCC structure; (D2) schematic BCC structure
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Figure 7. 2 The cross-sectional images of the FCC and BCC mufti-capillary structures using the extruded
pure PLA (grey) and composites EFG/PLA (black). (A1)0EFG/PLA-FCC; (A2)0EFG/PLA-BCC;
(B1)5EFG/PLA-FCC; (B2)5EFG/PLA-BCC; (C1)10EFG/PLA-FCC; (C2)10EFG/PLA-BCC; (D1) schematic
FCC structure; (D2) schematic BCC structure

Figure 7. 3 Graphs of the measured current versus the applied voltage along 0-10EFG/PLA-FCC single
capillary EOPs. (A)0EFG/PLA-FCC EOPs;(B)5EFG/PLA-FCC EOPs; (C)10EFG/PLA-FCC EOPs

Figure 7. 4 Graph of the flow rates versus applied voltage along 0-10EFG/PLA-FCC single capillary EOPs.
Figure 7. 5 Graph of the temperature values versus applied voltage along 0-10EFG/PLA-FCC single
capillary EOPs.

Figure 7. 6 Graph of the temperature values versus applied voltage (200V and 400V) along 0-10EFG/PLAFCC single capillary EOPs

Figure 7. 7 The cross-sectional images of the capillary structures using the commercial PLA (green and red)
and composites EFG/PLA (black). (A1)0EFG/PLA-FCC; (A2)0EFG/PLA-AB2; (B1)2EFG/PLA-FCC;
(B2)2EFG/PLA-AB2; (C1)5EFG/PLA-FCC; (C2)5EFG/PLA-AB2; (D1)7.5EFG/PLA-FCC; (D2)7.5EFG/PLAAB2; (E1)10EFG/PLA-FCC; (E2)10EFG/PLA-AB2; (F1) schematic FCC structure; (F2) schematic BCC
structure

Figure 8. 1 (a and b) Schematic of the novel sweat collection concept device.
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1 Introduction
There is a growing global need to develop affordable, rapid, portable and accurate medical
diagnostic devices. The motivation for these more accessible devices is to enable early
detection leading to improved disease management through initial diagnosis, early
intervention, increased survivability rates as well as reduced emotional and financial
burden1. Microfluidics have become key elements of diagnostic devices of the last few
decades due to their ability to process a small volume (𝑝𝑙 − 𝑛𝑙) of specimens over short
analysis times (min or s). Features of microfluidic devices include low component cost and
disposability which enable these technologies to be integrated with high throughput
analysis techniques compatible with automated sample collection technologies in portable
devices2-4. A complete microfluidic system will have functionality to move fluids through
sequential steps to facilitate sample collection, preparation, separation, detection and
disposal. Fluid transport is an essential core function within such systems. In many
microfluidic systems this function is frequently performed by micro-pumps.
Electroosmotic pumps (EOPs), possess several unique features5-7, including the ability to
generate constant and pulse-free flows with controllable flow direction and magnitude and
operate uniquely under electric field control with no moving parts. These EOPs have been
fabricated using standard microfabrication technologies and integrated into lab-on-chip
(LOC) devices.
EOPs have been widely employed in various applications such as microflow analysis6,
micro/nano liquid chromatography8, femto-pipette9, electroosmotic droplet switch
(EODS)10, and micro-energy systems leading to EOP based commercial products7. Despite
the functional simplicity EOPs in microfluidic applications, the availability of materials
from which they are made and time-consuming miro-fabrication process have, to some
extent, delayed the further development of EOPs in microfluidic devices11. In order to
refine EOP microfluidics systems, expand their use into broader research fields, novel
fabrication methods and materials need to be further developed.
Three-dimensional (3D) printing has shown great potential as a means to fabricate microscale structures and microfluidic devices11-13. 3D printing technologies offers a broader
range of materials and structural capabilities to quickly and accurately fabricate structures
with complex 3D features, over a wide range of sizes (from sub-micrometre to several
meters14-15). Fused deposition modelling (FDM), one of the most commonly used 3D
techniques, is attractive for the manufacture of microfluidic devices as it is cost effective
in comparison to other 3D printing technologies, compatible with a wide range of polymer
materials, and importantly readily accessible and adaptable due to the open source nature
of commercially available systems. However, the FDM technique has not received wide
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attention in the production of micro-channels or more specifically micro-capillaries, due to
the comparatively coarse printing resolution with typical layers of 200-300 𝜇𝑚 using
extrusion nozzles with a nominal diameter of 400 𝜇𝑚.
This thesis will explore the use of the FDM-3D printing technique to fabricate
microchannels (or capillaries) structures in an EOP device based on a face centre cubiclike (FCC) and body centre cubic-like (BCC) alignments of the printed filament via a
negative space printing approach. EOP were fabricated from commercial polymers such
as polylactic acid (PLA) and thermoplastic polyurethane (TPU), as well as nanofillermodified polymer composites, such as edge functionalised graphene-modified poly lactic
acid (EFG/PLA), and boron nitride polyurethane (BNPU) for as a potential solution to
thermal management resulting from EOP operation. Printed capillary (or microchannel)
structures including single capillary and multi-capillary assemblies, to increase pump flow
rates, were investigated as key components of direct current (DC) driven EOPs.

1.1 Microfluidics
Microfluidics is a group of technologies which use channel pathways with micrometer
dimensions to process or manipulate small (1x10-9 to 1x10-18 liter) amounts of fluids16-17.
Normally, the vision for integrated microfluidic systems relies on the incorporation of a
core of generic components: a unit for introducing samples (usually as fluids); a unit for
moving these fluids around the fluidic pathway (commonly known as a chip), and/or for
combining and mixing them18-19. These components provide key functions such as; sample
preparation, separation, detection, and liquid transport. Multi-function microfluidic
systems such as droplet-based microfluidic systems20-21, microfluidic paper-based
analytical devices (μPADs)22-23, point-of-care devices24-25, cells on chips26 even organ-ona-chip27 with both chemical and biological analysis targets, have been in gradual
development since the 1980s.
Microfluidic devices28 for manipulating fluids have been used in areas such as sample
filtration, extraction, purification, and enrichment. Techniques such as solid-phase
extraction (SPE), a useful purification and enrichment method, has been integrated into a
microfluidic platform29-32. Common separation techniques including chromatography33,
electrophoresis34, and fractionation have also been employed in micro-devices35-37.
Integration of microfluidics as a part of an integrated sensing and detection platform has
also been a significant application area. Optical detection38-39, electrochemical detection4041

, mass spectrometry42 and biosensors43-45 have been widely applied in microfluidics. For

example, Dermot Diamond’s group has continuously developed microfluidics devices for
various applications such as environment detection46-47, chemical sensing48-50 and human
monitoring51. Pumps29, valves52-53 and mixing54 are also key components of fluid
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manipulation where microfluidic technology has been utilised55.
Due to multi-functional capabilities exhibited in the microfluidic systems and microfluidics
devices, the technology has revolutionized rapid chemical analysis cross diverse fields with
applications in DNA analysis56-57, high-throughput screening58, cell biology16,
61
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chemical synthesis , proteomics , drug delivery , medical diagnostics and biomedical .
The technology enables inexpensive and customizable fluid-handling automation in small
volume capacity facilitated by channels at the micrometer. It should be noted that the
objective of lab-on-a-chip systems is to integrate all laboratory processes into a single
device where sample pre-treatment, biochemical reactions, separation, detection, and data
analysis operations can be carried out65. The integration of multiple functions on
microfluidic chip can decrease sample loss, reduce analysis time, and facilitate the
development of new detection methods.
The development of materials used for the generation of microfluidic devices is providing
the field with unpresented opportunities to significantly enhance and broaden device
functionality29. A gas chromatography chip on a silicon wafer, as the first microfluidic
device, was developed by Terry et al. in 1979

29, 66

. Glass67 and silicon became the main

materials in early microfluidic systems68-69. A milestone development in this field was the
use of poly(dimethylsiloxane) (PDMS)70-71 to fabricate devices, this approach was first
described by the Whitesides' group72. Due to its low-cost, non-toxicity, optical
transparency, gas permeability, chemical inertness, low surface energy and good weather
ability11, 14, 73-75, PDMS has become the most commonly used material to fabricate more
complex microfluidic devices76-77 and has helped ‘soft lithography’78 to become a widely
adopted method for fabricating microfluidic devices. For example, Paul C. Blainey’s group
has utilised polydimethylsulfoxide (PDMS) microfluidic architecture for accurate
microbial genomics79. PDMS has contributed to several key ways, these include;64, (1) the
relatively cheap and easy set-up for making small numbers of bespoke devices; (2) more
hydrophilic surface properties; (3) reversible and irreversible bonding with other materials;
(4) easy removal from delicate micro-featured silicon moulds for applications such as
micro-pillar arrays 80; and (5) an appropriate Young’s modulus (ca. 2 MPa) to fabricate
valves, pumps81 and actuators11, 82. Despite the beneficial properties of PDMS, there are
some limitations associated with this material12, 83. In most PDMS microfluidic systems,
user interfaces are based on non-standard outlets or inlets are prone to cause leakages84-85.
PDMS moulding (including curing, assembly, bonding, and inlet punching) can be
challenging and complex and therefore can limit scale up production of devices.
In microfluidic systems, there is an underpinning need for associated control systems 12
(including control software operating on computers, pressure sources, valves, pumps and
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waste storage vessels) that operate in conjunction with the microfluidic device to provide
a complete functional testing system. Considering the limitations of elastomers, especially
PDMS, alternative materials such as thermoplastics86 have been considered by researchers
in recent years. These materials are generally durable, amenable to micromachining
processes, optically clear, resistant to permeation of small molecules, and stiffer than
elastomers. For example, polycarbonate (PC) has a very high softening temperature (∼145
°C), which makes it desirable for thermal cycling 87. Poly(methyl methacrylate) (PMMA)
a very commonly used thermoplastic, has many advantages such as good optical clarity,
biological compatibility, gas impermeability and micromachining ability at relatively low
temperatures (∼100 °C), which makes it amenable to fabricate patterned devices88-91.
Cyclic-olefin copolymer (COC) has optical transparency, good moldability and low
background fluorescence and has been used to fabricate a device to detect ligase reaction92.
Polyurethane (PU) is another widely used material which has been employed in the
fabrication of microfluidic devices for various applications such as blood contact

93-95

.

Other materials like polylactic acid (PLA), acrylonitrile butadiene styrene (ABS) and
polycaprolactone (PCL), and polystyrene (PS), amongst others, have been employed in a
range of devices96-97. In short, polymers played a vital role in accelerating development of
microfluidic systems.
Another important aspect of generating microfluidic devices is the fabrication methods that
have provided microfluidic field with more functionality. Etching is the dominant process
employed in the patterning of glass or silicon materials but is often inaccessible due to cost
and technology barriers64. Replication technologies98 are well known for manufacturing
low-cost microfluidics and offer benefits that give more freedom in fluidic pathway design.
However, some limitations apply to these moulding techniques, including removing the
master after moulding, the need for high quality surface finishes on the moulding tool, and
the periodic need for the use of release agents during the moulding process which can
contaminate the moulded fluidic chip parts.
Compared with replication techniques, direct techniques98 such as laser-based machining
are employed as relatively rapid fabrication method for microfluidics. However, following
the initial machining process additional technologies such as bonding are needed to close
open channels to form capillaries and make a complete microfluidics device. In order to
continuously maximize, manufacturability (and impact) and rate of micro-structured
device manufacturing, it is crucial to develop new production techniques which are of lowcost and readily accessible. Three-dimensional (3D) printing, which has been spoken of as
a third industrial revolution99, could be regarded as an effective alternative technique to
fabricate microfluidics devices.
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1.2 Electroosmotic flow and its effects
1.2.1

Electroosmotic flow

Electroosmosis is a phenomenon inherent to a solid—liquid interface. Electroosmotic flow
(EOF),100-101 based on electroosmosis, is the movement of uncharged liquid relative to a
stationary charged surface caused by an externally applied electric field. The interpretation
of EOF was accomplished by von Helmholtz102 using an electric double layer (EDL)
model. The theoretical model was further improved by Smoluchowski 103 who considered
the actual distribution of ions in a capillary. Figure 1.1 illustrates the electric double layer
(EDL) and electroosmotic flow (EOF)104-105.

Figure 1.1 A schematic illustration of electric double layer (EDL) and electroosmotic flow (EOF). The double
layers refer to two parallel layers of charge surrounding a channel with a negatively charged surface. The first
layer consists of ions adsorbed onto the surface of the channel due to chemical interactions, or “Stern layer”.
The second “diffusion layer” is composed of ions attracted to the surface charge by the columbic force,
electrically screening the first layer. When solvated ions within the diffusion layer move under the influence of
the electric field, these ions drag the surrounding solvent along with them due to the viscous ion effect, resulting
in bulk fluid motion known as electroosmotic flow (EOF).

EDL theory has been widely used as the basis for interpretation of electrokinetic behaviour
such as electroosmotic flow at liquid—solid interfaces. Figure 1.1 shows the case that when
an ion-containing fluid (for example, water or buffers) is placed in a microchannel with a
negatively surface charged (such as surface-oxidized PDMS). When an electrical potential
is applied along the channel, the ions within the diffusion layer move under the influence
of the electric field, these ions drag the surrounding fluid, resulting in a bulk fluid motion
known as electroosmotic flow (EOF) which moves as a plug within the channel.
Electroosmotic flow (EOF) is therefore a particularly useful characteristic of fluids flowing
in microsystems with micro-channels, it is therefore valuable to understand the principle
of EOF movement.
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1.2.2

Electroosmotic flow in microchannels

Electroosmotic flow (EOF) plays a key role in fluids flowing in a microsystem
environment, as a consequence it is necessary to consider the various geometric parameters
influencing fluid flow within microchannels of different cross-sectional dimensions using
EDL models, Figure 1.2.

Figure 1.2 Schematic illustrations of microchannels with different cross-section geometries and areas (A:
circular; B: rectangular; C: triangular)

1.2.2.1 Electroosmotic flow in a cylindrical microchannel
The simplest microchannels employed in electroosmotic systems frequently reported are
cylindrical in nature106-107. Electrical double layer (EDL) in a cylindrical microchannel is
firstly described. A number of assumptions are made when considering the cylindrical case;
the bulk composition of the solution is uniform, the channel wall has uniform and constant
charge (or zeta potential along) the entire channel and both ends of the microchannels are
subject to atmospheric pressure.
In EDL models, the Poisson-Boltzmann equation, is broadly used to describe the ion and
potential distributions in the diffuse layer, can be written (for a symmetric electrolyte
solution such as KCl);
∗
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Equation 1
Equation 1a

Equation 1b
Where, 𝑑 is the diameter of the microchannel, 𝑟 is the radius of the microchannel, 𝑇 is
absolute temperature, 𝜀 is dielectric constant, 𝜓 is potential distribution of the EDL, 𝒦𝑏 is
Boltzmann's constant, 𝑐∞ is the concentration of the bulk electrolyte, e is the fundamental
electric charge, 𝑟 ∗ and ψ∗ are the dimensionless variables describing dimensional and
charge dependencies.
Due to of the symmetry of the EDL field in the cylindrical capillary, Equation (1) is subject
to the following non-dimensional boundary conditions:
𝜕𝜓∗

r ∗ = 0, 𝜕𝑟∗ = 0
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Equation 1c

𝑒ζ
𝑏𝑇

r ∗ = 0.5, ψ∗ = 𝒦

Equation 1d

Where, ζ is the zeta potential, a measurable electrical potential at the shear plane.
Electro-osmotic flow field in a cylindrical microchannel assumes that the flow is onedimensional, steady state and fully developed, the motion of an aqueous electrolyte
solution in a cylindrical microchannel is governed by the Navier-Stokes equation which
can be separated into two equations:
The local net charge density distribution:
𝜌𝐷𝐻 ( 𝑟 ) = 𝜀𝜅 2 𝜁

𝐼0 (𝜅𝑟)
𝐼0 (𝜅𝑅)

Equation 2

and the velocity profile:
𝑣𝐷𝐻 ( 𝑟 ) =

𝜀𝐸(𝜔𝑡)𝜁
𝐼0 (𝜅𝑟)
(1 −
)
𝜌𝑓
𝐼0 (𝜅𝑅)

Equation 3

Where, 𝑣 is the flow velocity, 𝜌𝑓 is the fluid density, 𝜌𝑒 is the net charge density, 𝐼0 is the
zero-order modified Bessel function of the first kind; 𝜀 is the dielectric constant of the
liquid, the subscript 𝐷𝐻 indicates the Debye-Huckel approximation, 𝜅 is Debye-Huckel
parameter, 𝐸(𝜔𝑡) is a general time periodic function with a frequency 𝜔 = 2𝜋𝑓 which
describes the applied electric field strength. Equation (3) shows that the electro-osmotic
flow velocity is a function of the applied electrical field strength, zeta potential and liquid
properties such as the ionic valence and the bulk ionic concentration. See Appendix 1 for
additional details on the electroosmotic flow in a cylindrical microchannel.

1.2.2.2 Electroosmotic flow in a rectangular or a triangular microchannel
In practice, micro-channels used in electronic cooling, miniaturized chemical analysis and
biomedical diagnostic instruments are fabricated by modern micromachining technologies.
The cross-section of the micro-channels is not regularly circular in profile, but rather
rectangular or triangular in shape. Therefore, the characteristics of electroosmotic flow
within rectangular (Figure 1.2B) and triangular (Figure 1.2C) microchannels need to be
defined.
Electrical double layer field in a rectangular microchannel is firstly discussed. When a
channel is filled with an electrolyte solution, an electric double layer (EDL) is generated
due to the interactions between the ions in the electrolyte solution and the static charges on
the dielectric channel walls. For a 2D EDL field within a rectangular cross section
microchannel, the non-dimensional Poisson-Boltzmann equation is used (for a symmetric
electrolyte solution such as KCl):
𝜕 2 ψ∗

𝜕 2 ψ∗

( 𝜕𝑥 ∗2 + 𝜕𝑦∗2 ) = (𝜅𝐷ℎ )2 𝑠𝑖𝑛ℎ(ψ∗ )
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Equation 4

𝑥
𝐷ℎ
𝑦
𝑦∗ =
𝐷ℎ
𝑥∗ =

ψ∗ =

Equation 4a
Equation 4b

𝑒𝜓
𝒦𝑏 𝑇

Equation 4c

Where, 𝐷ℎ is the hydraulic diameter, 𝜅 is the Debye-Huckle parameter, and 𝜅𝐷ℎ is often
referred to as the electrokinetic diameter.
Along the planes of symmetry, the following symmetry boundary conditions apply:
At 𝑥 = 0

𝜕𝜓
𝜕𝑥

=0

Equation 5a

At 𝑦 = 0

𝜕𝜓
𝜕𝑦

=0

Equation 5b

Along the surfaces of the solution domain, the potential is the zeta potential:
At x= 𝐻 𝜓 = 𝜁

Equation 5c

At 𝑦 = 𝑤 𝜓 = 𝜁

Equation 5d
Electroosmotic flow field in a rectangular microchannel assumes that the flow is steady
state and fully developed, the motion of the aqueous electrolyte solution (for a symmetric
electrolyte solution such as KCl) in a rectangular microchannel is described as a nondimensionalized equation:
𝜕2 𝑣 ∗

𝜕2 𝑣 ∗

(𝜕𝑥 ∗2 + 𝜕𝑦∗2 ) = 𝑀 sin ℎ (𝜓 ∗ )𝐸 ∗ (𝜔𝑡)

Equation 6
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𝑀 = 2𝓏𝑒𝑐∞ 𝜁

𝐷ℎ2 /𝓊𝑈𝐿

Equation 6b
Equation 6c

Where 𝓊 is the liquid viscosity, V is a reference velocity, L is the distance between the two
electrodes and
M is a new dimensionless group, which is a ratio of the electrical force to the frictional
force per unit volume.
The corresponding non-dimensional boundary conditions are given by:
At 𝑥 ∗ = 0

𝜕𝑣 ∗
𝜕𝑥 ∗

=0

Equation7a

At 𝑦 ∗ = 0

𝜕𝑣 ∗
𝜕𝑦 ∗

=0

Equation7b

=0

Equation 7c

𝑣∗ = 0

Equation 7d

At 𝑥 ∗ =

𝐻 ∗
𝑣
𝐷ℎ

At 𝑦 ∗ =

𝑊
𝐷ℎ

Overall, the performance of an electroosmotic pumping system can be characterized by
using the following two summary parameters: the volumetric flow rate and the average
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velocity.
The volumetric flow rate 𝑄𝑣𝑜𝑙 through the entire channel cross-section is given by:
𝐻

𝑊

𝑄𝑣𝑜𝑙 = 4 ∫ ∫ 𝑣(𝑥, 𝑦)𝑑𝑥𝑑𝑦
0

Equation 8

0

and the average velocity 𝑉𝑎𝑣𝑔 can then be determined using:
𝑉𝑎𝑣𝑔 =

𝑄𝑣𝑜𝑙
𝐴

=

𝑄𝑣𝑜𝑙
𝐻𝑊

Equation 9

See Appendix 1 for details about the electroosmotic flow in a rectangular microchannel.

1.2.3

The effects of electroosmotic flow (EOF)

According to Equations 3 and 8 describing the flow rate or velocity of flow in
microchannels, there are three main effects that dramatically influence the EOF. These
include the geometry of microchannels, the properties of electrolytes and the sign and
magnitude of the applied electric filed. In addition, it is inevitable that the surface charge
of capillary materials and the temperature generated by the application of voltages are other
effects that influence on the performance of EOF. Considering the electroosmotic flow in
microchannels discussed above (Section1.1.1 and 1.1.2), it is important to consider the
effects of EOF to optimise the properties of an EOP.
Effect of the surface charge density of the solid surface:
Most materials obtain surface electric charge when they are in direct contact with the
working liquids from either direct ionisation processes or the inherent nature (workfunction) of the surface directing ion adsorption. The surface charge of polymer materials
can from due to ionization of surface groups. For example, when a surface has acidic
groups (e.g., COOH on the surface), the acidic groups dissociation at higher pH (e.g., COOon the surface and H+ in the aqueous solution) will result in a negatively charged surface.
When a surface has basic groups (e.g., R-NH3 on the surface), the association of the acidic
groups (e.g., H+ ions in the aqueous solution) at lower pH will generate a positively charged
surface. Therefore, the magnitude of the surface charge is highly influenced by the acidic
or basic strength of the surface groups as well as the pH of the solution.
Effect of geometry of microchannels:
The geometry of microchannels (cross-sectional area) is directly related to hydraulic
diameter 𝐷ℎ , which governs the volumetric flow rate of EOPs. From Equation 3 and
Equation 8, it can be observed that the volumetric flow rate increases with
approximately 𝐷ℎ2 , therefore, a larger diameter or larger cross-sectional area channels
would seem to be a better option when larger pumping flow rates are desired. However,
for a rectangular microchannel the channel shape influences the flow velocity profile due
to the effect of geometry of channel on the EDL. Corner effects in a square channel will
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have an adverse impact on the flow rate, when the ratio of H:W approaches 1:1

108

.

Additionally, when a channel becomes too large the ability of ions within the Nernst diffuse
layer to provide viscous drag upon solvent in the inner microchannel becomes impeded
and results in a reduction in net EOF.
Effect of electrolyte properties:
1) Concentrations of electrolytes:
The increase in concentration (or ionic strength) of an electrolyte will have an adverse
impact on the flow rate.
Increasing concentration of electrolytes (𝑐∞ ) results in an increase in 𝜅 (Debye-Huckle
parameter) as well as M (Equation 6c).
Debye-Huckle parameter: 𝜅 2 =

2𝓏 2 𝑒 2 𝑐∞
)
𝜀𝒦𝑏 𝑇

Equation 10

Where, 1/ κ is the characteristic thickness of the EDL. Increasing the ionic
concentration results in the compression of the double layer thickness and a decrease
in the surface charge (zeta potential). As a result, the charge and EDL dependent EOF
velocity will be suppressed along with a reduction in the volumetric flow rate.
2) The pH of electrolytes:
The pH of the electrolyte solution also influences the surface charge of solid materials.
Decreasing pH will reduce the surface charge for a surface containing acidic groups
(negatively-charged). Increasing pH will reduce the surface charge for a surface
containing basic groups (positively-charged). Therefore, when the surface charge of
materials is more negative there will be a positive EOF impact resulting in an increased
flow rate through the microchannel. Specifically, for a given solid surface, the surface
charge of material and zeta potential are functions of ionic concentrations, valence, and
pH109.
Effects of the electric field strength:
The increase of electric field strength (𝐸(𝜔𝑡)) has a will increase the EOF and flow rate.
From the Equation 3 and 8, a linear variation in volumetric flow rate with the applied
voltage along a microchannel is predicted.
Effects of the temperature (see Appendix 2 for details):
Joule heating within the solution being pumped is inevitable due to the electrokineticallydriven flow process. Under high-applied electric fields (100’s V to 1000’s V) required for
transport of analytically relevant fluid volumes, internal resistive heating will be
problematic as it can cause non-uniform temperature gradients in the liquid. This will result
in local changes in viscosity causing perturbations to the EOF profiles within a
homogeneous capillary110-111. It is therefore necessary to manage temperature differentials
within an EOP system, especially when operating under high voltage conditions required
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for higher flow conditions.
In most practical cases, the magnitude of the overall temperature rise T or 𝑇𝑜 − 𝑇𝑠 , is
dominated by the last term in equation:
𝑇𝑜 − 𝑇𝑠 ≈

𝑄𝑟12
= 𝑇𝑤−𝑠
2𝑟2 ℎ

Equation 11

𝑇𝑤−𝑠 = temperature difference between outer capillary wall and surrounding environment.
𝑇𝑜 = temperature at the capillary centre line
𝑇𝑠 = temperature of the surrounding environment
𝑄 = power density
r = radius (𝑟1 and 𝑟2 are the radii of the channel and the thickness of extruded filaments)
ℎ = heat transfer coefficient from the capillary to the surrounding environment
From Equation 11, it can be seen that the temperature will depend on the power (product
of voltage and current) generated where the observed current is influenced by the capillary
dimensions and thermal conductivity of the buffer, which contributes to the EOP
resistance, and the applied voltage. Temperature can be adjusted through management of
the following parameters, Table 1.1.
Table 1.1 The ways of limit joule heating
Variable
Decrease electric field strength.
Reduce capillary inner diameter.
Decrease buffer ionic strength or concentration.
Increase thermal conductivity of capillary material
Active temperature control

Effect
Proportional decrease in heat generated
but reduces efficiency and resolution.
Dramatic decrease in current.
Proportional decrease in current
Removes heat from capillary
Thermostat.

Overall, it can be noticed that the effects of EOF including the geometry of microchannels,
the properties of electrolytes, the electric field strength as well as the temperature should
all be taken into consideration when designing and tuning the performance of
electroosmotic pump (EOP) devices.

1.3 Electroosmotic pumps
1.3.1 EOPs and its applications
Due to the discussion of the electroosmotic flow in the microchannels in Sections 1.1 as
well as the nature of microchannels that usually have small overall volumes, laminar flow
and a large surface-to-volume ratio, the function of EOPs based on electroosmotic flow
leads to several outstanding features5-6:
•

EOPs can provide constant and pulse-free flows,

•

EOPs are bi-directional and direction of flow can be switched almost
instantaneously,
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•

EOPs can be readily integrated with lab-on-chip (LOC) devices,

•

EOPs have no moving parts.

•

EOPs are fabricated through well established and mature microfluidics
fabrication methods.

Due to these features, EOPs have been employed to provide flow control in microfluidics
devices112. EOPs are able to be categorized into four main types based on pumping
elements used, they are6:
•

open channel,

•

packed column,

•

monolith column,

•

porous membrane113

These pumping elements provide researchers with more opportunities to develop and
design various EOPs (such as textile-based EOP114, multichannel EOPs with liquid metal
electrodes115, etc.) to meet device or system design requirements. Table 1.2 shows the
summary of characteristics and applications of different types of EOPs that have been
developed by researchers. In these reported EOPs, microchannels or capillaries have been
regarded as the main design elements in order to achieve different flow rates or flow
velocity at different voltages. EOPs have been used in areas such as micrototal analysis
systems (μ‐TAS), micro-electromechanical systems (MEMS), micro energy systems as
well as for biological analysis116 or drug delivery117.

Figure 1.3 Article publications involving electroosmotic pumps from 1990 to 2019 (Source: Scopus Dec 2019, Search
string: electroosmotic pumps).

To date, the materials that have been employed to fabricate micro channel devices and
EOPs have mainly focused on silicon, glass and PDMS. Furthermore, the fabrication
methods used to produce these devices have been dominated by lithography (soft
lithography), etching and bonding. While these approaches are highly successful there are
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clear limitations as assembly is typically labour-intensive and use tediously slow
fabrication methodologies. Both the limitations of materials and complex fabrication
methods, to some extent, has curbed the development of EOPs. From Figure 1.8, the
number of published academic reports on EOPs has been around 20-30 per year showing
that development of EOPs has not received widespread attention. Overall, EOPs have
proven to be efficient for fluid propulsion. However, a lack of novel materials and new
techniques has curbed the development of EOPs and its applications. To extend the
application microfluidics systems and its components, including the EOP, into new
research fields that are unconstrained by microfluidic chip fabrication approaches and
materials from which they are made, novel fabrication approaches and related materials
need to be developed.

1.3.2 The desired properties of the EOPs
When it comes to the development of EOPs using new techniques and materials, it is
important to consider the properties of EOPs. According to the main effects on the
properties of EOPs discussed in Section 1.2.3 and the applications that EOPs have been
used in Section 1.3.1, the methods that have been tried to achieve the desired properties in
this thesis were highly associated with these effects such as increasing the number of
capillaries, increasing the applied voltage, increasing the pH of buffer solutions, etc as well
as the possible applications.
Table 1.3 Methods to control EOF
Variable
Electric field
Buffer pH
Buffer ionic
strength or
concentratio
n.
Geometry of
microstructu
res
Temperature
Additives to
the
electrolyte

Result
EOF changes proportionally with electrical
field.
EOF decreases at low pH and increases at
high pH.

Comment
High field generates more heat in
the capillary.
May change solute charge

Sections
4.4.3.1; 4.4.3.2
5.4.3.1; 5.4.3.2
4.4.3.5
5.4.3.7

EOF increases at low ion strength.

High ionic strength generates
high current, causing Joule
heating.

4.4.3.4
5.4.3.6

EOF increases proportionally with increasing
the cross-sectional area of structures

Large cross-sectional area
generates high current.

4.4.3.1; 4.4.3.2
5.4.3.1; 5.4.3.2

EOF changes due to viscosity change (2 3%/°C).
Change magnitude and direction of EOFs.
Anionic surfactants can increase EOF;
Cationic surfactants can decrease EOF

Capillary temperature must be
controlled.
Dynamical adsorption to
capillary wall via hydrophobic
and or ionic interaction.

4.4.3.7; 5.4.3.9
6.4.3.3; 6.4.3.5
7.3.1.3

Therefore, it can be seen that when the desired property of EOPs is high flow rate,
increasing electric flied, increasing buffer pH, decreasing buffer concentration, increasing
the geometry of channel and changing surface tension and charge can be employed to
achieve this goal.
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Table 1.2 Summary of characteristics and applications of electroosmotic pumps (EOPs)

Type

Material

EOPs design

Microchannel(s) or EOPs
Dimensions

Fabrication

polyimide coated
fused

pumping capillary

40 cm ×75 𝜇𝑚 in diameter
×375 𝜇𝑚 out diameter

commercial

a group of (1-100)
microchannels
folded-type high flow rate
low-voltage pump

1−6 𝜇𝑚 depth, 4−50 mm length

photomask, etching

33.2 mm width, 400 nm
thinckness,85mm length

lithography, etching

silicon and glass

a thin film with small
channels

5 𝜇𝑚 width, 4 mm length

silicon (Si) wafer
(SiO2 surface)

an EOP sandwiched by two
liquid–gas (lg) separators

microchannels (10 𝜇𝑚
width×800 𝜇𝑚 length), EOP
(100 𝜇𝑚 length × 15 𝜇𝑚 width)

PDMS/glass

a liquid metal based EOP

PDMS/glass

a multi-stage liquid metalbased EOP

PDMS

straight microchannels

silicon wafer

152 multi-channels EOPs

glass substrates

Open-Channel

quartz plate

100 𝜇𝑚 in diameter

fused silica

a high-pressure monolithic
EOPs

100 𝜇𝑚 in diameter

fusing
phosphosilicic
acid-coated silica
microspheres

1.3mm thick 8mm diameter
membrane

The 0.1 cm3 pump, of 8 mm
outer diameter and 2 mm
thickness, 2 mm thickness and
0.3 cm2 cross-sectional area

glass-based
membrane

microchannel plate EOPs
(high-aspect ratio
microcapillary tubes)

5 𝜇𝑚 in diameter (300 𝜇𝑚
thick)

commercial

0.2 𝑚𝑙/
𝑚𝑖𝑛 ×
𝑐𝑚 × 𝑉

PDMS

70 parallel channels

50 𝜇𝑚 width × 2.7 𝜇𝑚 height

soft photolithography

1 𝜇𝑙/𝑚𝑖𝑛

fused silica

up to 80 psi

10 V

800 Pa static
pressure

50 pl/s

10,500 𝜇𝑚 -length, 116 𝜇𝑚 width

L1=50 𝜇𝑚, d1=5 𝜇𝑚

1000
V/cm

5V (10
𝑛𝐴)

10.67 𝜇𝑚/
𝑠 (760 𝜇𝑚/
𝑠)
6.26 𝜇𝑚/𝑠
(1.2 mm/s)
0.305 𝜇𝑙/
𝑚𝑖𝑛
0.2028 𝜇𝑙/
𝑚𝑖𝑛

Pressure

15 KV

40–400
V

a multi-channel electroosmotic flow (EOF)
3D parallel electroosmotic
flow (EOF) pump
a high-pressure monoliths
fused-silica capillary

PDMS

Monoliths
Column

soft-lithography technique,
bonding

Applied
voltage

0.19–2.30
𝜇𝑙/𝑚in

soft-lithography technique,
bonding
soft lithography technique,
bonding
lithography, etching,
deposition
MEMS technology
(patterning, bonding)
soft photolithography,
bonding

Si substrate

Membrane-Type

length (1 cm) width (30 𝜇𝑚) 50
𝜇𝑚 height. Chip (3 cm length
1.5 cm width 3 mm thickness)
200 𝜇𝑚 length × 40 𝜇𝑚 width
×20μm height
100 𝜇𝑚 -width, 50 𝜇𝑚 -depth
microchannel
0.6 mm3 in volume (40 𝜇𝑚 width, 30 𝜇𝑚 -depth,)

lithography, plasma enhanced
chemical vapor deposition
(PECVD), etching
photolithography, Si etching,
thermal oxidation, lift-off
metallization and anodic
bonding

Flow rates
or flow
velocity
~500 𝑛𝑙/
𝑚𝑖𝑛
10-400 𝑛𝑙/
𝑚𝑖𝑛
415 𝑛𝑙/
𝑚𝑖𝑛

lg-separator a
maximum
backpressure of
7 kPa

20 V
(2400V)
300
V/cm

high density integration into
microfabricated fluidic systems

for sorting cells

2 V/mm
Pmax of 1 × 104
Pa

38 𝜇𝑙/𝑚𝑖𝑛

40 V

5.69 𝑛𝑙/
𝑚𝑖𝑛

2V

sol–gel process

2.9 𝜇𝑙/𝑚𝑖𝑛

6 kV

3 atm

commercial

200 𝑛𝑙 to
2.5 𝜇𝑙/𝑚𝑖𝑛

1 to 6 kV

0.4
𝑀𝑝𝑎 (maximum
pressure)

5-30 𝜇𝑙/
𝑚𝑖𝑛

0.2-0.8 V
(0.04-0.2
mA)
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in single- and double- line flow
injection analysis (FIA) systems
a micrototal analysis system (μTAS) device
a micrototal analysis systems (μ‐
TAS) and the lab‐on‐a‐chip
micro-electromechanical systems
(MEMS) in microﬂuidic
applications

potentially drive
cell/macromolecule solutions or
drug reagents
potential uses in many high-ﬂowrate microﬂuidic applications

25 V
(1800 V)

80 𝑃𝑎/𝑉
300 𝜇𝐴
or 300 V

Applications (or potential aspects)

heat spreader for microprocessor
cooling
thermal management of stacked
chips (3D-Ics)
potential biological analysis and
drug delivery systems
miniaturized HPLC and micro-totalanalysis systems (µ-TAS)

Ref.
118

119

120

121

122

123

124

18

125

126

127

128

in a flow-injection analysis (FIA)
system

129

the delivery of drugs,

130

a stand-alone pump or embedded in
microfluidic systems

131

multiplex cell culture applications

132

1.4 Three-dimensional (3D) printing techniques
Novel fabrication methods and materials are required to enable the transition and acceptance of
microfluidics technologies within broader fields of research. Three-dimensional (3D) printing97,
an additive manufacturing (AM)133 or rapid prototyping technology134-136, has shown the potential
to fabricate micro-scale structures and microfluidic devices11. The exponentially rising number
of publications in the literature (in Figure 1.4) has shown that 3D printing has received more and
more attention in recent years as it offers a broader range of materials and possibilities to quickly
and accurately fabricate structures with complex 3D features, over a wide range of sizes (from
sub-micrometre to several meters14-15). These significant characteristics enable structures to be
made for a wide variety of applications ranging from microelectronics and microsystems 137-138
(e.g., sensors and lab-on-chips) to aerospace structures such as aircraft engine bracket and fuel
nozzles15, 138-139 as well as use in biological applications140 where design freedom may allow for
patient specific structures or implants to be produced.

Figure 1.4 Microfluidics publications involving 3D printing from 2005 to 2019. The data shown reflect the most recent data
searched (22 October 2019) from the Scopus category. The following general search string was used: topic = (microfluidics) and
(3D printing) and published = (2005 to 2019).

To date, the 3D printing techniques that have been used to fabricate microfluidic devices include,
material extrusion (fused deposition modelling (FDMTM) or fused filament fabrication (FFF)),
material jetting (photopolymer inkjet printing (PolyjetTM), power bed fusion (selective laser
sintering (SLSTM)), and VAT photopolymerization (stereolithography (SLATM) or digital light
projection (DLPTM)11-13, 15, 74, 83, 97, 133, 135-136, 138, 141-142.

1.4.1 VAT photopolymerization
The first 3D printing technique that has been widely employed in microfluidics is
stereolithography (SLA)143. For example, hydroxyapatite (HA) microchannel structures were
printed by using ceramic stereolithography (SLA) technology and sealed by a thin PDMS layer
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to form a HA-PDMS microfluidic chip for cell culture144. SLA was developed by Chuck Hull in
1986 and this process consists of focusing a laser light source on a vat filled with liquid
photopolymer resin. Here the nature of the photo-initiating light source and a chemical nature of
the vat of the photo-curable liquid resin plays a key role in the fabrication of 3D structures.
In SLA a focused laser light source is critical as the focal point will be directly related to the
resolution of printed samples. Instead of sequentially scanning a laser as in SLA, the digital light
projection (DLP) process is as an alternative AM method uses a projector to crosslink an entire
layer of resin at once. Compared with the laser spot size used in SLA, the size of the projected
pixel determines the minimum X-Y feature size in the DLP process. Due to the use of
inexpensive digital micro-mirror display (DMD) technology and commercialization of
projectors, the cost of DLP and SLA based printers has decreased significantly145, thereby
increasing access to these technologies and their use within microfluidics.
Another aspect in SLA is the resin which can be selectively cured by laser–activated
polymerization or photo-polymerization to produce 3D polymer structures in layer-by-layer
fashion145-146. According to position where the resin takes place, SLA is broadly separated into
two approaches11-12, 83, 133, 147. One approach is known as the free surface technique with photopolymerization occurring at the top surface of the resin at the air interface. In this approach, the
build stage is submerged further into the resin-containing vat after each layer has been formed.
In adjacent layers, a blade has been used to level the surface of the resin, in order to make sure a
uniform layer of liquid prior to another round of UV light exposure. However, the height of the
printed object is restricted to the tank size. Furthermore, chemical reactions with air, resin waste,
and extensive cleaning procedures impact negatively the further development of this technique.
Another approach is known as the constrained surface technique, or the “bath” configuration
with the photo-polymerization occurring against the bottom surface of the resin. In this approach,
the metal build plate is suspended upside-down vat, therefore, the object height is not limited by
the bath height. The light source is set up under the tank with an optically clear bottom and a
non-stick layer so that the printed object does not adhere to the substrate. However, fragile
features are more likely to be deformed or broken when removed from the vat during the building
process, as the solidified material may adhere strongly to the bottom of vat148.
Recent developments of both light sources and resins in combination with continued hardware
improvements has led to these Vat photopolymerization technologies providing XY accuracies
in the order of ~20 𝜇𝑚, at a build resolution of 100 𝜇𝑚 and a layer thickness of 50 𝜇𝑚. As such,
these techniques have been used especially when high-resolution printed structures with smooth
surface finishes are required133.
However, there is still room for further improvement. For example, a prototype multi-material
SLA printer has been developed to break the major limitation of printing a single material
(photopolymerisable resin such as epoxides and acrylate–epoxy hybrids) at a time, although the
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process takes a long time149. Electroosmotic pumps (EOPs) especially for open-channels EOPs
as the key components of microfluidics can also be fabricated using this technique when it is
required to make high resolution channels, however, the limitation of materials and the cleaning
procedures of printed microchannels are taken into consideration.

1.4.2 Material jetting
Material jetting is another 3D printing technique that has been widely employed to make
microfluidics150-152 for various applications153-154. Photopolymer material-based inkjet printing
that is a liquid-based technology which is also well-known as PolyJet (PJM) or MultiJet
Modelling (MJM). The main principle of this technique is to employ an array of inkjet print
heads with many nozzles to deposit tiny drops of the build and support materials to form 3D
objects in a layer-by-layer fabrication process83. The build materials are mostly focused on
acrylate-based photopolymers (in form of monomers and oligomers) and a photo-initiator to cure
each layer with a UV source. The support material in PJM is a mixture (propylene, polyethylene,
acrylic monomer and others) which can be removed by high pressure water jetting. The support
material in MJM consists in paraffin wax and is removed using heat to melt the paraffin.
The reason why photopolymer inkjet printing has gained wide popularity in microfluidics is its
high resolution and multi-material printing capability. For example, open microchannels of 100–
1000 𝜇𝑚 in width and 50–500 𝜇𝑚 in height have been printed by operating of ProJet HD 3500
printer. Compared to the CAD design, the printed microchannel width varied by ∼35 𝜇𝑚 and the
height difference was less than 11 𝜇𝑚155. A fundamental class of 3D printed fluidic circuit
components (including fluidic capacitors, diodes, and transistors) were developed by Multijetbased 3D printing approaches to achieve a fluidic circuit of 200 𝜇𝑚 in dimension and a fluidic
component of 150 𝜇𝑚 in thickness)156. Another great advantage of inkjet printing is the ability
to easily print complicated devices with multiple different materials to provide advanced
chemical and physical performance. Therefore, inkjet printing can be considered as an attractive
and useful approach which could print high resolution multiple devices within hours with
simplicity and reliability. On the other side, a price of printed objects is typically 10–100 times
higher than that of samples made by cheaper FDM printers. Also, the limited variety of UV
polymerisable materials does make this technique more challenging. Furthermore, 3D printed
fully-enclosed microchannels with a range of 10–100 𝜇𝑚 can be challenging when trying to
remove dissolvable support materials from the inside of the micro channels, particularly when
the channels are small in cross-section, long or non-linear in nature.

1.4.3 Material extrusion
Material extrusion is another 3D printing technique that has been widely used in the fabrication
of microfluidics. This technique is typically known as fused deposition modelling (FDM). The
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first patent leading to FDM 3D printing method (U.S. Patent 5121329) in was granted to Mr
Scott Crump in 1992157. Crump subsequently co-founded the company, Stratasys, to
commercialize this technology. After the expiration of the original patent, FDM has been widely
used in commercial 3D printers both in industry and academia, rapidly becoming one of the most
popular 3D printing methods. The FDM technique is able to provide many significant functions
when it is used to manufacture microfluidic devices. It offers higher levels of accessibility which
means that most laboratories should be capable of fabricating their own devices in-house. In this
method158, a preformed polymer filament (feedstock) is mechanically fed into a heating chamber
(commonly referred to as the heating block) where the temperature of the polymer filament is
raised above the polymers melting temperature. The continuous mechanical force applied to the
feedstock forces the melted polymer through an extrusion die at a constant rate. This extruder
arrangement is typically mounted on a 3-axis positioning system so that material can be deposited
in an XY plane (onto a planar substrate) as it is exiting the extruder. This process is repeated over
incremental steps in Z axis position to build a structure in a layer-by-layer manner. Shortly after
extrusion, the printed materials cool down below the melting temperature due to convection, and
interconnect by melting into the previous layer and form a solid multi-layer structure 133.
A feature of the FDM technique is that it offers a broad range of variable process parameters 83,
159

, including amongst others, printing temperature, extrusion nozzle diameter, material feed rate,

substrate feed rate, air gap (known as nozzle offset), and slice heights. This operational flexibility
allows users to produce devices ranging from solid to porous structures with different strength160,
surface quality161, accuracy162 and mechanical properties163. It is also capable of printing multimaterial devices by incorporation of multiple independent extruders on the same platform, or by
using nozzle arrangements that allow for in-process switching of materials. Therefore, FDM
makes it convenient to fabricate various components (like pumps and valves) in a microfluidic
system.
A notable advantage of FDM is that it can be used to print almost all types of thermoplastic
polymers97 in the form of a spooled filament, such as acrylonitrile butadiene styrene (ABS) 159,
164-165

, poly lactic acid (PLA)14,

165-167

, polypropylene (PP)168, thermoplastic polyurethanes

samples (TPU)169, polyethylene terephthalate (PET), polystyrene (PS), polycarbonate (PC),
polycaprolactone (PCL) and so on to manufacture 3D structures170. Examples of different devices
fabricated via the FDM approach include: A split-and-recombine (SAR) static mixer with a 3
mm diameter tube, 3.6 ml volume and 5 mm walls has been made by FDM using ABS polymer
for flow chemistry applications, although this mixer leaked over 20 bar

164

. FDM-3D printed

fluidic ‘reactionware’ devices with 800 𝜇𝑚 diameter microfluidic channels produced using
polypropylene (PP) feedstock has been reported168. Rusling’s group have developed fluidic
devices (800 𝜇𝑚 × 800 𝜇𝑚 square channels) printed by extruding polyethylene terephthalate
(PET) and ABS filaments for nanoparticle preparation and electrochemical sensing171. PLA
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(polylactic acid) has been employed to FDM print high-pressure, highly-resistant to heat, and
transparent microfluidic devices with 400 × 400 𝜇𝑚 square channels which can be applied to
analysis of DNA melting (or denaturation)172. A transparent PLA microfluidic device based on a
cuvette, with a path length of 500 µ𝑚 and a capacity of 50 µ𝑙 has been fabricated by FDM
technique to perform an enzymatic cascade reaction for the optical quantification of glucose 173.
FDM-3D printed microfluidic devices (ranging in width from 300 𝜇𝑚 to 1 mm) using PLA and
PET with glass-like transparent surfaces have been created to visualize a variety of fluid
phenomenon174. Polymethylmethacrylate (PMMA) was used to fabricate microfluidic chips with
a minimum channel cross-section of ~300 μm using the FDM technique175. Kitson et al. reported
that microfluidic experiments were conducted in FDM‐based structures, even when the
resolution limit was only about 800 µm176. Therefore, it can be seen that the typical dimension
of 3D printed microchannels using FDM printers with a 400 𝜇𝑚 diameter nozzles is typically
more than 300 𝜇𝑚.
Other than conventional thermoplastic materials used in FDM printers, functionalized polymer
composites using nano-fillers can be used as main materials of FDM technique, which enhanced
its application range177. Carbon-based composite materials15, 178-179, ceramic-based composite
materials180-182 and a wide range of composite liquid/gel materials (metallic solutions),
hydrogels183-184 have been used. Composited inks, such as cellulose nanocrystals composites
ink185-186 and cell-based solutions can also be processed through a modified nozzle without
heating and extruded for applications such as hierarchically porous battery electrodes 187, super
capacitors, Li-Ion micro-batteries188-189, sensors190, thermal dissipaters191, tissue engineering192,
and biomedical applications184.
The broad application of FDM is leading to continued process improvement with the target of
improved quality of the final printed structures193-194. While there are significant advantages
provided by FDM, such as safety, cost effectiveness and a large range of compatible materials,
there are some drawbacks, such as material degradation at high temperature, the high viscosity
of the molten materials, the thermal and rheological properties of the required materials and the
surface quality of printed samples195. However, these limitations can be improved by adjusting
the printing parameters (such as increasing the printing speed, reducing the printing temperature)
and modifying the properties of polymer materials (such as the use of nanofillers). For example,
one way to FDM-3D print microchannels with less than 300 𝜇𝑚 is to use a small nozzle (200
𝜇𝑚), which was demonstrated by da Silva’ group196. Another example is that a printing
methodology based on precisely extruding viscoelastic inks into self-supporting microchannels
(100 μm-width) and chambers was demonstrated197.
As a result, the FDM technique is an ideal option when high user accessibility and low-cost
materials are required to fabricate microchannels or microstructures in microfluidics
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applications. However, it should be taken into consideration that the resolution of FDM-printed
structures is typically coarser than other 3D printing techniques, however, the high user
accessibility and targeted design considerations provides opportunities to improve this issue.

1.4.4 Discussion of 3D printing techniques in microfluidics
The performance of the most popular 3D printing technologies used to make microfluidic devices
has been discussed above along with their significant advantages. In addition, selective laser
sintering (SLS) as a powder-based technology11,

83, 133

has been widely used to make

nanocomposite porous structures198 for many applications especially in biomedical aspects

199-

200

. However, the powder precursor that is used in the SLS technique is very difficult to remove

from small cavities post printing which makes this approach impractical for microfluidic-like
devices. For this reason, SLS was not considered as a suitable technique. For a detailed
comparison of a wider range of prototyping techniques applied to the fabrication of microfluidic
devices, see Ref.12, 141, 201. As discussed in Section 1.4.1~1.4.3, SLA enables printing of channels
as small as 25 𝜇𝑚 without the need for a support material, however the main limitation is the
limited variety of the print materials themselves. Material jetting allows for printing channels
with similar feature sizes in a range of materials, however, it is limited by the difficulties in the
removal of the support material from small fluidic features as well as by a relatively wasteful
print process. The FDM technique offers the use of a wide range of materials and is highly
accessible, thereby providing users with more opportunities of manufacturing. Unfortunately, the
resolution of FDM is 100 𝜇𝑚 or less with rough channel surfaces, which may be perceived to
limit this techniques applicability in the field of microfluidics. This is in line with the report
of Niemeyer, et al., who suggested FDM was not well suited for the fabrication of microfluidic
structures due to the resolution limit202, particularly when FDM was used to print micro-channels.
Although these limitations may hamper the rapid development of 3D printed microfluidics, there
is no doubt that 3D printing techniques will be widely adopted further into microfluidic system.

1.5 Thesis Outline
Considering that 3D printing and microfluidics are both relatively recent technologies, many
different aspects such as its cost, resolution, material development, computer-aided design, and
fluid automation are yet to be unravelled when 3D printing and microfluidic technologies are
combined together. As discussed above, 3D printing, especially FDM, has shown significant
advantages when used to make micro-channels structures and microfluidics. Moreover, microchannels, as a key component of an EOP, will have a critical impact on fluid transportation in
microfluidic systems. The overarching aim of this thesis is therefore to investigate the potential
for FDM to produce an EOP using a variety of print materials and print architectures using a
readily accessible desktop 3D printer. The ability to connect the convenience of the FDM
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technique with its unique features (e.g., high user accessibility and variety of materials) to
produce micro-channels of a dimension that will be capable of operating as novel electroosmotic
pumping structures, using various materials will be explored. A brief introduction of the work in
this thesis is given below.

Figure 1.5 A schematic illustration of fused deposition modelling (FDM) technique and FDM-3D printed FCC (face centre
cubic) and BCC (body centre cubic) capillary structures

3D printability here is defined as the ability of a material such as PLA to form and maintain a
reproducible 3D capillary structure with dimensional integrity. Commercial polymers, such as
PLA, PVC and PS with established 3D printability, reproducibility have been undertaken to
prove the concept of negative space printing to produce 3D printing capillary structures based on
FCC (face centre cubic) and BCC (body centre cubic) log-pile like arrangements, Figure 1.5.
Face centre cubic log-pile like means a unit has a quadrangle centred capillary or microchannel
formed by arranging four extruded filaments at corners of a rectangular cube, while body centre
cubic log-pile like means a unit has a trilateral centred capillary or microchannel formed by
arranging three extruded filaments at corners of an equilateral triangle cube (See Appendix 4 in
which FCC and BCC were defined and explained). As a result, FCC and BCC capillary structures
were printed to produce capillaries of 40-250 𝜇𝑚, which are formed within the negative space
between the build layers, as a result of the printing process. The properties of the printed
capillaries including water pressure-resistance and mechanical tests were investigated (in
Chapter 3).
PLA printed capillary structures including single capillary and multiple capillaries were
assembled as key parts of DC driven EOPs (Chapter 4). PLA was chosen here as the resultant
PLA micro-channels (capillaries) were as relatively similar as the schematic designs. Also, PLA
with biocompatibility can provide with more opportunities to explore the possibility of PLAEOP in bio-related areas. The flow and thermal properties of these PLA FCC/BCC FDM-3D
printed EOPs were then investigated comprehensively and symmetrically under a range of
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different experimental conditions including; voltage, current, buffer type, concentration, pH,
length of capillaries, the number of capillaries and operation time. Finally, this aim of this chapter
was to prove that a fully FDM-3D printed PLA EOPs device was functional.
Due to its noticeable flexibility and 3D printability, thermoplastic polyurethane (TPU) was also
investigated as an EOP based upon the FCC and BCC configurations using FDM-3D printing
technique (Chapter 5). The flow and thermal properties of these FDM-3D printed TPUFCC/BCC capillary EOPs were also investigated in the similar experimental methods as 3D
printed PLA EOPs (Chapter 4). Water pressure-resistance leak testing and flexurate properties
of these printed specimen were also assessed. Furthermore, the aim of this chapter was to prove
that FDM-3D printed TPU EOPs were functional and could be used in flexible microfluidic
devices.
During the investigations of FDM-3D printed TPU and PLA capillary EOPs, one of the arising
challenges was encountering high temperature during EOP operation, which was caused by joule
heating - particularly when high voltages were applied to increase the flow rates of the EOPs.
Incorporation of nanofillers into the FDM filaments, such as boron nitride (BN) was investigated
to determine these nanofillers influence upon EOPs’ performance. BNPU-FCC and BCC
capillary structures with BN loadings were firstly printed using a pneumatic extrusion-based
printer. The flow and thermal performance of BNPU EOPs were tested using different buffer
solutions and the impact of BN on the performance of EOPs assessed (Chapter 6). In addition,
the aim of this chapter was to prove that the utilisation of BN had a positive impact on heat
dissipation formed within an EOP.
In the final experimental chapter of the thesis (Chapter 7), the availability of FDM-3D printed
carbon-based composites to form EOPs were undertaken. Carbon-based materials such as the
edge functionalised graphene (EFG) and liquid-crystalline graphene oxide (LCGO), as nanofiller
with high thermal and electrical conductivity, were studied using PLA composites, in order to
modify the surface and mechanical properties of 3D printed materials for EOPs. The capillary
structures were printed and the flow performance of EFG/PLA FCC and BCC capillary EOPs
determined. The aim of this chapter was a proof-a-concept that carbon-based composites PLA
EOPs were functional.
Table 1.4 Thesis Outline
Chapters
Chapter 1
Chapter 2
Chapter 3
Chapter 4
Chapter 5
Chapter 6
Chapter 7
Thesis

Aims
To explore the use of the FDM-3D printing technique to fabricate microchannels (or capillaries) structures in
an EOP device after presenting a comprehensive review of the literature
To outline the experimental methods and materials developed and utilised in this body of work
To prove a concept of negative space printing to produce capillary structures based on FCC and BCC log-pile
like arrangements using commercial polymers (PLA , PVC and PS)
To prove that a fully FDM-3D printed PLA capillary EOPs device was functional
To demonstrate functional FDM-3D printed TPU capillary EOPs and its application in flexible microfluidics
To prove that the utilisation of BN had a positive impact on heat dissipation formed within an composites EOP
A proof-a-concept that carbon-based composites PLA EOPs were functional
The overarching aim of this thesis is therefore to investigate the potential for FDM to produce an EOP using a
variety of print materials and print architectures using a readily accessible desktop 3D printer.
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2

Experimental methods and materials

In this chapter, chemicals and materials used in this doctoral work are summarized. The general
preparation methods of capillary structures and the characterization techniques of flow rates of
EOPs are presented.

2.1

3D-printing setup

Figure 2.1 3D printer and 3D printing setup for FCC (face centre cubic) and BCC (body centre cubic) capillary structures

A FDM printer (Me-3D), based on the RepRap open hardware project, has been used to printed
capillary structures in this work. The printer was controlled by an open source Arduino
microcontroller board Mega 2560, interfaced with a commercial RepRap Arduino Mega Pololu
Shield (RAMPS). A 0.4 mm diameter commercial hot nozzle for thermoplastics standard
filaments of 1.75 mm in diameter was used. An extruder and a building base with 180 mm × 200
mm in this printer were moved by stepper motors following Cartesian coordinates, printing the
object in the layer-by-layer process. Each plane or layer contains a set of Cartesian coordinates
that specify the extruded amount (E), printing speed (or federate (F)) and temperature (T) and
where the filament was deposited by using the manually-written G-code language. With this
approach, careful adjustments to the printer and Slic3r (open source software from slic3r.org)
settings are needed to avoid a collapse of the structure, hampering future developments. Please
see Figure 1.5 in Section 1.5 in Chapter 1 for the schematic illustration of FDM printing. The
distance between the nozzle and the bed surface is a crucial parameter for the printer because it
cannot be too large, otherwise the molten filament does not adhere to the bed well or adhere each
other to form the sealed bottom layer, and it cannot be too small as extrusion would be impeded.
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3D-printing capillary samples preparation

2.2

The samples of FCC (face-center-cubic, shown in Fig1.5 Chapter 1 or Appendix 4) and BCC
(body-center-cubic, shown in Fig1.5 Chapter 1 or Appendix 4 ) capillary structures using PLA
(Modfab,1.75 mm), PS (Orbi-Tech Bendlay, 1.75 mm), PVC (Chemson, 1.75 mm) and TPU
(Polymaker, PolyFlexTM 1.75 mm) were produced by adjusting different groups of parameters
(such as printing temperature (T), x, y, z position, feed-rate (F) and the extruded amount (E)).
Temperature (T) is directly related to the melt properties of materials which affects the size of
capillary. The temperature cannot be too high, otherwise the molten filaments may adhere to
each other tightly to block the capillary, and it cannot be too low as the formed capillary would
not be completely sealed. The extruded amount (E) has a direct impact on the size of extruded
filaments from the nozzle and these extruded filaments further affect the values of x, y, z position
movements, thereby influencing the size of capillaries. Feed-rate (F) is associated with the
movement rate of printing nozzle and the printing time, thereby also having a direct effect on the
formation of the printed capillaries. F cannot be too fast, otherwise the molten filaments tend to
stack together in a short time and allow insufficient time for solidification to occur when forming
capillary structures.
These 3D-printed polymer capillary structures based on FCC and BCC filament arrangements
experienced three primary processes. Considering that highly-assembled accessibility of FDM
printers, G-code languages about capillary structures at first were manually written to control
operations of printers step by step. Secondly, effective printing parameters (F, T, E, Y, X and Z)
were continuously adjusted and tested during the printing procedures to form capillary structures.
Single FCC and BCC capillary structures as the first experimental objectives were printed to
verify the availability of parameters. The optimized groups of fabrication parameters for different
materials then were explored gradually to control the printer to print designed multiple capillaries
structures. Table 2.1 shows the optimal preparation parameters of FCC and BCC capillary
structures for PLA, PS, PVC and TPU samples.
Table 2.1 The optimal printing parameters of PLA, PVC, PS and TPU capillary structures
Material
PLA
PS
PVC
TPU

Structure

T(°C)

F(mm/min)

E(mm)

X(mm)/shift

Z(mm)/shift

FCC
BCC
FCC
BCC
FCC
BCC
FCC
BCC

190-210
190-210
220-230
220-230
190-200
190-200
210-220
210-220

1000
1000
1000
1000
1000
1000
1000-1200
1000-1200

5
5
5
4
5
4.5
5-6
5-6

0.4
0.4
0.4
0.35
0.4
0.35
0.4
0.4

0.3
0.35
0.3
0.3
0.3
0.3
0.3
0.3
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2.3

3D printed capillary structures properties characterization

An optical microscope (Leica M205A) was employed to measure the cross-sectional dimensions
of capillary structures. The maximum pressures these specimens could withstand before leaking
were measured by connected directly to a HPLC pump system (Shimadzu). Single and multiple
FCC and BCC capillaries samples with the dimensions of dumbbell shape specimen refer to type
V in ASTM D638 were measured by a tester (Shimadzu EZ, 500 N load cell, 2mm/min) to
characterize mechanical properties such as adhesion force from adjacent extruded filaments and
tensile property.

2.4

3D printed capillary electro-osmotic pumps (EOPs) package and

their properties characterization
2.4.1

3D printed capillary EOPs setting-up
Platinum

+

_

Glass capillary tubes

Scales
Bars

Reservoirs

3D printed capillary
structures

Figure 2.2 A schematic overview of 3D printed capillary EOPs

A schematic overview of the experimental setup for EO pump is shown in Figure 2.2. The whole
EO pump design121 consisted of two 3D printed-reservoirs (or 600 µl micro-centrifuge tubes
SlipTech™) , 3D printed-capillary structures and glass capillary tubes. Reservoirs to hold
solutions were prepared by 3D printing to form cylinder chamber (i.d 5 mm, length 20mm). To
accurately measure flow volumes generated by the EOF pumps, each test was run long enough
to easily measure solution displacements in the glass tubing (i.d 800 𝜇𝑚, CAPILLARY Solution)
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with one used for electrode insertion and a second for fluid flow determination121. Pt wires were
inserted into the top of the capillary tubing to serve as an electrode. Pt was chosen to further
decrease the effects of electrolysis by absorbing any hydrogen gas produced. With each flowrate experiment, 3D printed capillary sample was filled by pressurized injection of electrolyte to
ensure removal of air blockages within the 3D printed channel. A LabSmith HVS448 High
Voltage Sequencer, capable of high voltage up to 3 kV with an accuracy of 0.05%, was used to
generate the electric field between the two reservoir chambers.

2.4.2

The flow properties of 3D printed capillary EOPs

After FDM-3D printed capillary structures were assembled into EOPs, each real-time
experimental procedure of these EOPs was recorded in the form of video by camera. From the
videos, the flow rates of EOPs were calculated by measuring the change in head height (volume)
in the glass capillary tubes and dividing by the change in time.

2.4.3

The thermal properties of 3D printed capillary EOPs

The temperature of 3D printed capillary structures was measured by a thermal camera
(ThermoIMAGER TIM160) to show the maximum temperature which 3D printed capillary
EOPs could reach in the different tests.

2.5

List of chemical reagents and materials

Chemical reagents and materials used in this work are listed below. They were used as received
unless otherwise stated. All solutions were made with deionized water (18.3 MΩ; Millipore,
Bedford, MA) and filtered with a 0.22 𝜇𝑚 nitrocellulose membrane filter (Fisher Scientific,
Fairlawn, NJ). A carbonate buffer solution, pH 10.0, with various concentrations i.e. 0.313,
0.625, 1.25, 2.50, and 5.00 mM, was prepared from commercial sodium bicarbonate (Sigma) and
sodium carbonate (Sigma) in D.I. water. A Tris and CHES buffer solution, pH (8.83), was
prepared from Tris(hydroxymethyl)aminomethane (Tris, Sigma) and N-Cyclohexyl-2aminoethanesulfonic acid (CHES, Sigma) in D.I. water to form various concentrations i.e. 2.5,
5.0, 7.5, 10, and 50 mM. A Phosphate-buffered saline (abbreviated PBS, Sigma), pH (6.6) with
different concentrations i.e.0.05, 0.10, 0.50 and 1.00 mM, buffer solution was made from
disodium hydrogen phosphate, sodium chloride, potassium chloride and potassium dihydrogen
phosphate. A NaNO3 solution (5.0 mM) was obtained using sodium nitrate (Sigma) in D.I. water.
Table 2.2 List of chemical reagents and materials used in this thesis.
Reagents/Materials

Formula

Grade/Batch

Supplier

sodium bicarbonate
sodium carbonate
Tris(hydroxymethyl)aminomethane
N-Cyclohexyl-2-aminoethanesulfonic acid
Phosphate-buffered saline
Sodium nitrate

NaHCO3
Na2CO3
C4H11NO3
C8H17NO3S
NaCl, KCL, Na2HPO4, KH2PO4
NaNO3

Analytical
Analytical
Analytical
Analytical
Analytical
Analytical

Sigma-Aldrich
Sigma-Aldrich
Sigma
Sigma
Sigma
Sigma-Aldrich
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3

3D printed capillary structures

3.1 Abstract
Commercially available materials (PLA, PVC and PS) were employed to FDM-3D print FCC
and BCC single-capillary structures and multi-capillary structures by manually controlling Gcode. The morphology characterization of 3D printed capillary structures was initially
investigated to demonstrate the concept of the production of FCC and BCC log-pile like capillary
structures. The properties of 3D printed capillary structures were characterized to determine
operational parameters including the areal variation of single capillary samples, the mechanical
properties of single layer and double layer samples and the pressure that the samples could
withstand. Findings showed that the printed capillary structures were open and more than able to
operate at the flow rates expected for an EOP device.

3.2 Introduction
In this chapter studies were carried out to prove the concept that capillary structures based on
face centre cubic (FCC) and body centre cubic (BCC) extruded filaments arrangements could be
fabricated by controlling the G-code of a FDM system with commercially available polymer
filaments (PLA, PVC and PS filaments (1.75mm in diameter). Commercially available materials
were chosen as they are well-developed materials for 3D printing. PLA, PVC and PS were
selected as they have completely different functional groups, which would have distinctly
different surface properties. Single capillary structures were the primary print architectures and
were used to prove the feasibility of the 3D printed electroosmotic pump concept. In later stages,
multi-capillary structures were printed in order to probe the potential to multiplex capillary pump
designs to improve flow rates. The effects of capillaries on interface bonding property,
mechanical property, and shape precision promotion of FDM 3D-printed PLA parts based on
FCC filaments arrangements were also investigated203.

3.3 Experimental methods and materials
3.3.1

3D-printing setup

3D printing setup in this chapter was the same as Section 2.1 Chapter 2. Please see Figure 1.5 in
Section 1.5 in Chapter 1 or Figure 2.1 in Section 2.1 Chapter 2 for the schematic illustration of
FDM printing and setup.

3.3.2

3D-printing capillary samples preparation

PLA, PVC and PS capillary samples were printed as the same printing parameters as the Table
2.1 in Section 2.2 Chapter 2.

3.3.3

3D printed capillary structures properties characterization
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An optical microscope (Leica M205A) was employed to measure the cross-sectional dimensions
of capillary structures. Please see Section 2.3 in Chapter 2 for more information on the
characterization of the capillary samples.

3.4 Morphology characterization of 3D printed capillary structures
3.4.1 Morphology characterization of 3D printed single capillary structures
3D printed single capillary structures based on face centre cubic (FCC) and body centre cubic
(BCC) extruded filaments arrangements have been made using PLA, PVC and PS, shown in
Figure 3.1. The capillaries inside of the samples have been highlighted in the cross-sectional
images. The resultant micro-channels (capillaries) in the FCC structures were formed with
triangle-like cross-sectional capillary shape, and were different from the schematic print design
with rectangular-like capillary. This was because a 0.1 mm negative offset was added to the
distance between nozzle and printing bed compressing the first layer to create an overlay amongst
the printed tracks, ensuring a good sealing of the device. However, using this approach, the size
and shape of capillaries were influenced by the negative offset, thereby causing a visual
difference in shape. For BCC structures, the capillaries with triangle cross-sectional shape were
formed, however, the resulting number of capillaries was different to the intended design
structure. This is reproduction error was primarily due to the extruded filaments being noncylindrical in shaped. The resulting print distortions impedes the formation of the smaller size
capillary structures and subsequently caused the capillaries to be closed after the extruded
filaments solidified upon printing. However, the BCC design configuration consistently resulted
in a structure with at least one well defined capillary. The FCC single capillary structures were
noted to be more readily formed in terms of the number of extruded filaments, when compared
to the BCC single capillary format.
Table 3.1 shows the structural data of these single capillary structures. The area of capillaries
with triangular shape for PLA, PVC and PS FCC structures was above 0.8, 1.0 and 1.1 × 104 µm2,
respectively. For BCC samples, the area of capillaries was only between 5.68 and
8.42 × 103 µm2, while the overall area of samples was from 4.65 to 5.70 × 105 µm2.
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Figure 3. 12 Schematic illustration and cross –sectional images of 3D printed PLA, PVC and PS single capillary structures (FCC and BCC). (A) Schematic illustration of FCC capillary structure. (B) Schematic
illustration of BCC capillary structure. (C) PLA-FCC. (D) PLA-BCC. (E) PVC-FCC. (F) PVC-BCC. (G) PS-FCC. (H) PS-BCC.

Table 3. 1 The dimensions of 3D printed PLA, PVC and PS single capillary structures
Material-structure
Number of capillaries

PLA-FCC

PLA-BCC

PVC-FCC

PVC-BCC

PS-FCC

PS-BCC

Theoretic-FCC

Theoretic-BCC

1

1

1

1

1

1

1

4

3

2

8.24± 1.88

7.47±1.05

10.07±1.05

5.68±3.75

10.75±1.64

8.42±2.16

34.4

17.2

5

2

FCC/BCC overall area (10 µm )

3.14±0.24

5.70±0.24

3.84±0.14

5.00±0.98

3.46±0.61

4.65±0.12

5.368

8.244

A capillary/ A structure ratio

2.16%

1.12%

2.68%

1.11%

3.24%

1.81%

6.43%

2.09%

Capillary width (µm)

172± 28

181±25

199±18

150±49

211±26

130±29

400

200

Capillary height (µm)

94±17

84±13

95±11

64±15

105±10

71±26

400

146

Capillary average area (10 µm )

In Table 3.1. The dimensions of 3D printed structures were calculated (the number of samples was 5) by the Image J software (See Appendix 5 for more information,). The capillary width and height were
defined as shown as schematic illustration in Figure 3.1. The FCC/BCC overall area consisted in the area of all extruded filaments and the area of formed capillary. A capillary/ A structure ratio means that the ratio of
the area of capillary and the area of FCC/BCC structures.
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3.4.2 Morphology characterization of 3D printed multiple capillaries structures
Cross section images of PLA, PVC and PS multiple capillaries structures presented in Figure
3.2. Multiple capillary structures based upon FCC and BCC filaments arrangements were printed
in terms of capillaries number, distribution, shape and dimensions. FCC multiple capillary
structures were fabricated and successfully meet the design requirements with respect to capillary
distribution and number. The micro-channels (capillaries) of FCC structures were observed to be
well-distributed and with mainly irregular quadrangle and triangle cross-sectional shapes. For
BCC samples, the micro-channels were formed with mainly triangular cross-section shapes,
however, some of these collapsed when compared with the designed structure.
Printed PLA-FCC and PLA-BCC samples were relatively close to the designed structures in
terms of capillary distribution, number and shape, when compared to PS and PVC capillary
samples. The main reason for the performance change was attributed to the operating temperature
of materials and the change of materials’ viscosity during the cooling process. The operating
temperature of PLA were lower than that of PVC and PS, as well as the changes of melt viscosity
of PLA before completely solidified were faster than others, which cause shape variables of PLA
after thermo-extruding were smaller than others. This also explains why the shape of extruded
PLA filaments more closely approximated circular rather than elliptical filament cross sections,
thereby improving print design fidelity. As a result of these findings it was clear that PLA with
better thermomechanical properties was a more suitable print media when used to print capillary
structures.
Dimensional structural data for 3D printed multi-capillary samples are shown in Table 3.2. Here
it can be seen that the resultant prints areas and capillary dimensions were smaller than that of
the designed parameters. Specifically, the widths and heights of 3D printed FCC structures were
approximately 106-205 µm, less than half of the design values (400 µm). The average area of
capillaries for PLA, PVC and PS FCC samples was 1.7, 0.7 and 1.2 × 104 µm2, while the figure
designed structure was 4.5 × 104 µm2. However, the number of capillaries in FCC samples was
the same as the design ones. For BCC samples, the dimensions of printed BCC structures were
84-148 µm, while the figure of schematic design was 200 µm. The average area of capillaries for
PLA, PVC and PS samples was 6.0, 6.7 and 6.0 × 103 µm2, approximately half of the intended
print design (1.0 × 104 µm2). Importantly, the number of capillaries in printed BCC samples was
15, less than half of the figure of designed samples. The main reason here was that during the
printing processes, the new extruded filaments had been arranged on the middle of former
extruded filaments before they were solidified completely. This means that the printed filaments
had to be further extruded from adjacent layers, which caused some capillaries to collapse and
solidify together. Another possible reason was that some capillaries were too small to be clearly
imaged by an optical microscope.
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Figure 3. 213 Schematic illustration and cross –sectional images of 3D printed PLA, PVC and PS multiple capillary structures (FCC and BCC). (A) Schematic illustration of FCC capillary structure. (B)
Schematic illustration of BCC capillary structure. (C) PLA-FCC. (D) PLA-BCC. (E) PVC-FCC. (F) PVC-BCC. (G) PS-FCC. (H) PS-BCC.

Table 3. 2 The dimensions of 3D printed PLA, PVC and PS multiple capillary structures
Material-structure

PLA-FCC

PLA-BCC

PVC-FCC

PVC-BCC

PS-FCC

PS-BCC

Theoretic-FCC

Theoretic-BCC

Number of capillaries
Number of extrude filaments
FCC/BCC overall area (106 µm2)
Capillary average area (103 µm2)
Capillary overall area (105 µm2)
A capillaries/ A structure ratio
Capillary width (µm)
Capillary height (µm)

28
40
4.34
17.0± 3.0
4.61
17.5%
205 ± 24
194 ± 23

15
28
2.80
6.0± 0.9
0.94
3.30%
148±28
96±10

28
40
4.07
7.0±2.0
1.85
4.56%
130 ± 25
106 ± 20

15
28
2.54
6.7 ± 3.0
1.01
3.98%
145± 39
88 ±16

28
40
4.00
12.0± 3.0
3.26
8.10%
181±37
128± 28

15
28
2.23
6.0 ±1.0
0.87
4.04%
124±23
84±13

28
40
5.98
34
9.61
16.06%
400
400

36
28
3.75
6
2.29
6.12%
200
146

In Table 3.2 The dimensions of 3D printed structures were calculated (the tested number of samples was 1) by the Image J software. The capillary width and height were defined as shown as schematic illustration
in Figure 3.1. The FCC/BCC overall area consisted in the area of all extruded filaments and the area of formed capillary. A capillary/ A structure ratio means that the ratio of the area of capillaries and the area of
FCC/BCC structures.
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3.5 Properties characterization of 3D printed capillary structures
3.5.1 Areal variation measurement of 3D printed single capillary structures
In order to determine the dimension uniformity of internal micro-channels, cross sections of these
3D printed single capillary structures were made by an optical microscope. 21 single capillary
samples with 1~2 mm in length were randomly cut from one printed sample with 130 mm in
length. After calculating the triangular area of single capillary in each unit, the areal variations

of PLA, PVC and PS- FCC and BCC single capillary samples have been listed in Figure 3.3.
Figure 3. 3 Area variation of 3D printed PLA, PVC and PS single capillary structures. (A. 3D printed FCC structures. B. 3D
printed BCC structures).

The areal variation of PLA-FCC/ BCC single capillary structures was in a relatively narrow
range, whereas, the capillary area of PVC and PS single capillary structures had a significant
print variation. The average area of PLA-BCC and PLA-FCC single capillary structures was 9.0
∗ 103 µm2 and 4.0 ∗ 103 µm2, respectively. The areal variation range of PLA-FCC and BCC
samples was approximately3.0 ∗ 103 µm2. For PVC single capillary structures, the area of PVCFCC structures was 8.0 ∗ 103 µm2, about 1.4 ∗ 103 µm2 higher than PVC-BCC. The areal
variation of the PVC-BCC samples fluctuated dramatically, compared to PVC-FCC samples.
The area of single capillary for the PS-FCC/BCC capillary structures had a wide range from
2.0 ∗ 103 µm2 to 1.3 ∗ 104 µm2. This meant that the dimension of the PS single capillary was not
constant with a dimensional non-uniformity likely to have a negative impact on capillary flow,
capillary sealing and mechanical integrity. In addition to, the printing parameters such as X value,
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Z value even T had a noticeable impact on the dimensions of the capillaries (Chapter 2, Section
2.2). From Figure 3.3, it was evident that PLA single capillary structures had a relatively uniform
cross-sectional area, making it an ideal for further studies. However, the areal variation of the
capillary structures, which is a key design factor of properties of capillary structures, may have
a significant effect on fluidic flow and device to device reproducibility particularly for build
materials other than PLA.

3.5.2 Mechanical measurement of 3D printed single capillary structures
From the morphology of 3D printed single capillary structures in Figure 3.1, it can be seen that
the capillary structures are composed of at least four extruded filaments. In order to measure the
adhesion force between extruded filaments, single layer PLA, PVC and PS dumbbell shape
samples were printed according to their own optimized printing parameters and formed by
paralleling extruded filaments (The red-highlighted schematic images show information about
the single layer structures in Figure 3.4). Tensile tests were performed to determine the adhesion
force of adjacent extruded filaments. Figure 3.4 (A&B) shows the specific tensile tests data of
PLA, PVC and PS single layer structures.

Figure 3. 4Tensile tests of 3D printed PLA, PVC and PS single layer structures (red-highlighted schematic images). (A. 3D printed
FCC structures. B. 3D printed BCC structures).

The stress values of PLA single layer structures (FCC and BCC) were performed via the same
method, with all samples produced by the same optimized printing parameters, for sample intercomparability. From Figure 3.4, the ultimate tensile strength (UTS) values of PLA-FCC and
PLA-BCC single layer structures were the highest in these samples, around 19.0 × 103 KPa. The
UTS of the PVC-FCC samples was the lowest in FCC-type samples, at 4.69 × 103 KPa and the
PS-BCC specimen at 5.31 × 103 KPa. These findings suggest that the adhesive forces of adjacent
extruded PLA filaments were more mechanically robust with better filament layer bonding
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strength. The maximum stress of PVC-BCC sample was about 9.79 ×103 KPa, which was over
twice the figure of the PVC-FCC sample. As for PS-FCC and PS-BCC samples, the ultimate
tensile strength values were 5.94× 103 and 5.31× 103 KPa, respectively. To sum up, the adhesion
forces of adjacent extruded PLA filaments are better than others.

Figure 3. 5 Tensile tests of 3D printed PLA, PVC and PS double layer structures (shown by red-highlighted schematic images). (A.
3D printed FCC structures. B. 3D printed BCC structures).

FDM-3D sturctures consisting of two printed layers using PLA, PVC and PS were produced
using the same print parameters as for the single layered structures above. Figure 3.5 (A&B)
presents stress-strain curves of printed samples based on FCC and BCC configurations,
respectively (The red-highlighted schematic images show information about the double layer
structures in terms of FCC and BCC configurations in Figure 3.5). The ultimate tensile strength
values of PLA-BCC two-layer structures were observed to be the highest in these samples,
around 20.6 × 103 KPa, followed by PLA-FCC samples with 19.4 × 103 KPa and PVC-BCC
samples with 16.3 × 103 KPa. PS-BCC samples exhibited the lowest UTS at 5.99 × 103 KPa. As
for PVC two-layer samples, the obvious difference between two configurations samples
demonstrated that the extruded filaments’ layer bonding for the PVC-BCC samples was better
than that of PVC-FCC with the differences due to the printing setting-up. Compared to other
samples, PS-FCC and BCC samples had a relatively low stress value and this mainly was caused
by the printing parameters and the properties of materials. In summary, all PLA samples design
demonstrated a significant performance advantage in terms of their mechanical properties.
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3.5.3 Pressure measurement of 3D printed single capillary structures
PLA, PVC and PS single capillary samples (shown in Figure 3.6, length 118-123 mm) with FCC
and BCC structures were prepared following the optimized printing parameters, see Chapter 2,
Section 2.2 (3D-printing capillary samples preparation). These capillary samples then were glued
in to a HPLC ferrule fitting and directly connected to a pump of a Shimadzu HPLC
chromatography system with pressure gauge and water was pumped through these samples. The
pressure required to drive the water was monitored with increasing the pump flow using the backpressure measurement capabilities of the HPLC system. Leaks were detected by visual inspection
and pressure water drops or jetting. Figure 3.6 shows the pressures that a single capillary structure
could withstand before leakage failures due to FDM layer delamination.

Figure 3. 6 Maximum pressure of 3D printed PLA, PVC and PS single capillary structures which can withstand before leaking.
(A. 3D printed FCC structures. B. 3D printed BCC structures).

Initial tests demonstrated that water was successfully pumped into the single capillary structures
without leakage at relatively low flow value of 0.01ml/min. Free flow of fluid through the
capillary structure demonstrated that the printed single capillary structures had an unblocked
channel with it structure. The flow versus the resultant back-pressures relationship for FCC and
BCC structures demonstrated a linear response up to the point where leaking was experienced,
Figure 3.6.
The maximum back-pressure within the PLA-FCC structures was the highest of all three tested
samples, irrespective of the print design. At pump flow rates of 6.5 ml/min, a maximum backpressure of structure 1760 psi was observed for PLA-FCC structure. This was approximately
three times the value observed for the PVC-FCC structure (about 600 psi) at a maximum flow of
3.2ml/min before leaking. This was also approximately nine times that of PS-FCC with a pump
flow rate of 2 ml/min before leakage was observed. For the PLA-BCC sample, a maximum
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pressure of 1700 psi was observed at a flow of 7 ml/min. This was 1000 psi higher than the PVCBCC at 2 ml/min pump flow and 1100 psi for the PS-BCC structure at a pump flow rate of 1
ml/min before leakages were observed. This shows that PLA-BCC structures could also
withstand higher pressure than PS and PVC-BCC structures. These findings were also consistent
with the superior mechanical test performance data for the PLA structures investigated.
While the PLA structure exhibited an improved overall performance, the PVC and PS single
capillary structures also exhibited useful flow capabilities. Although the maximum pressure and
flow rates sustained by these capillaries was significantly lower than PLA, the observed flow
rates of 1mL/min and higher significantly exceeded the flow rates typical of an electroosmotic
pump which are typically of the order of µL/min.
For all capillary structures leakages were eventually observed during the pressure tests. The main
reason for device leakage was irregular filament extrusion - as a result of incomplete melting or
poor layer adhesion - which resulted in small defects or gaps within the structures which failed
at higher pressures. These leakages can be further minimised by using materials that adhere well
to the previously deposited layers. Adjusting the print parameters by reducing the total FDM
filament feed-rate or modifying the print design steps involved for the device fabrication. Here
an approach would be to print a first layer on the bed as the sealing bottom layer at a higher
temperature. For example, 20℃ above the operating print temperature would usually be high
enough for the PLA material to form a self-sealing bottom layer. An alternate approach would
be to make a manual adjustment of the distance between the nozzle and the bed by adding a 0.1
mm negative offset when the first layer was printed. This resulted in compressing the height of
the first layer and then creating an overlay amongst the printed tracks, thereby ensuring a good
sealing of the device. However, using this approach, the size of capillary is influenced by the
negative offset. This was evident for the size of some capillaries in FCC structures which were
smaller than the capillary the BCC samples. The inherently smaller capillary sizes of the FCC
with respect to the BCC capillaries typically resulted in a higher back-pressure.
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Figure 3. 7 The tested pressure of 3D printed PLA, PVC and PS 1-capillary structures before and after glue as well as the pressure
of half-cut 3D printed structure after glue (A. 3D printed FCC structures. B. 3D printed BCC structures)

A third response to leakage was to externally seal the capillary using UV glue from the outside
of samples which minimised the impact upon the internal capillary size. To demonstrate this
approach, the tests on the back-pressure of capillary samples before and after glue were
implemented at first. Figure 3.7 shows the pressure of PLA, PVC and PS FCC/BCC 1-capillary
samples before and after gluing. For PLA 1-capilalry samples, the back-pressure of PLA-FCC
sample was the same before and after gluing because of no leakages of tested sample. However,
the maximum back-pressure of PLA-BCC sample after gluing was approximately five times
higher. For PVC 1-capillary samples, the maximum pressure of PVC-FCC after glue was around
100 psi higher than that of sample before glue, when the pump flow reached the maximum value
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of system. PVC-BCC sample exhibited the similar trends as PVC-FCC sample, having a higher
pressure after gluing. PS-FCC 1-capillary sample before and after glue had the same pressure
until the pump flow reached 5 ml/min, after which the pressure of sample without glue was higher
than that of sample with glue. The pressure of PS-BCC 1-capillary sample before gluing was also
lower than the figure after. However, the leakages were observed for PS-BCC sample with and
without gluing in terms of the fluctuating pressure trends. It should be mentioned that fluctuations
in the pressure trends was caused by the liquid jetting instead of liquid dripping.

3.5.4 Pressure measurement of 3D printed single capillary structures with various
tested length
In order to explore the effects of the length of single capillary structures on the pressure which
capillary structures can withstand, samples with different length were connected with the pump
of the HPLC system and relevant pressure values were tested. The amount of the pump flow was
from 0.01 to 2 ml/min. Figure 3.8 shows the relationship between tested pressure and the lengths
of samples.
From Figure 3.8, it can be seen that the pressure values of single capillary structures experience
a significant linear decrease with about 10 mm/each decreasing of samples in length. For BCC
single capillary structures, the average difference in pressure of adjacent samples was about 10
psi when pump flow was 0.5 ml/min. These average pressure difference values were 20, 30 and
40 psi when pump flow was 1.0, 1.5 and 2.0 ml/min, respectively. Similar pressure changes have
also been observed from FCC single capillary structures when reducing gradually length of
samples, except PS-FCC structures with relatively large cross-section area which could impact
dramatically on pressure. This illustrates that both the length of samples and the amount of pump
flow have an indirect impact on pressure which these samples could withstand.
An equation can be used to describe roughly the relation among these parameters:
𝑃𝑛 −𝑃1
𝐿𝑛 −𝐿1

=

𝑃1 +20𝑛𝐴𝑃𝐹
𝐿1 +10𝑛

(1)

where 𝑃𝑛 is the pressure of NO. n sample with 𝐴𝑃𝐹 ;
𝑃𝑛−1 is the pressure of the NO. 1 sample with 𝐴𝑃𝐹 ;
𝐴𝑃𝐹 is the amount of pump flow (ml/min);
𝐿𝑛 is the length of NO. n sample;
𝐿1 is the length of NO. 1 sample;
This means that the pressure values could increase 20 psi with a 10 mm increase of the length of
samples, when the pump flow is 1 ml/min. This simply illustrates the relationship between the
pressure of samples which could withstand and the length of samples and confirms that the
capillaries could function predictably at the flow rates expected in an EOP configuration.
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Figure 3. 8 The relation between the tested pressure and the length of 3D printed PLA, PVC and PS single capillary structures (A.
3D printed FCC structures. B. 3D printed BCC structures).

3.5.5 Pressure measurement of 3D printed capillary structures with the various
numbers of capillaries.
The number of capillaries has an indirect impact on the pressure which capillary structures could
withstand; therefore, capillaries structures with a different number of capillaries was investigated
to determine the relationship between the measured pressure and the number of capillaries.
Figure 3.9 shows that the effects of multiple capillaries on the pressure which these capillary
structures could withstand before leaking. It can be observed that when the pump flow was the
same value, the maximum pressure value of single capillary structures, before leaking, was
higher than the figure of multiple capillaries structures and was essentially due to an increasing
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in capillary cross-section area. Furthermore, with an increasing number of capillaries, the amount
of flow which could be pumped through the capillary structures increased significantly before
these structures leaked.
For PLA capillary samples, the maximum value of PLA-FCC single capillary structures was
about 1700 psi, around 2.5 times the figure of PLA-FCC two-capillary samples and 5.5 times the
value of PLA-FCC four-capillary samples when driving the same amount of flow. PLA-BCC
single capillary samples were also able to sustain approximately 1000 psi with 4 ml/min pump
flow, 2.5 times the pressure value of PLA-BCC samples with 3 capillaries. On the other hand,
the amount of flow for PLA-FCC and PLA-BCC 1-capillary samples before leaking was 6
ml/min and 4 ml/min, respectively. However, the figure for PLA-FCC 4-capilalry sample and
PLA-BCC 3-capilalry sample reached 10 ml/min which was the maximum flow rate capability
of the pump system.
PVC-FCC and BCC capillary structures were also tested using similar methods. The results show
that the pressure of PVC single capillary structures experienced an extremely rapid increase to
maximum values (around 900 psi for PVC-FCC 1-capillary sample, around 700 psi for PVCBCC 1-capillary sample) before leaking with at a 2 ml/min flow. The pressure of PVC multiple
capillary structures increased slowly to maximum values (around 600 psi for PVC-FCC 2capillary sample and PVC-BCC 3-capillary sample, around 250 psi for PVC-FCC 4-capillary
sample) with an increasing amount of flow from 0 to 10 ml/min.
Similarly, PS capillary samples had similar trends as PLA and PVC samples. PS single-capillary
samples had higher back-pressure than other samples with a small amount of pump flow, whereas
PS multi-capillary samples affected positively on the amount of pump flow.
To sum up, compared with PVC and PS capillary structures, PLA capillary structures exhibited
the better performance in terms of the pressure which the structures withstand and the amount of
flow which the structures could drive through.
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Figure 3. 9 The relationship between the tested pressure and the number of capillaries for 3D printed PLA, PVC and PS capillary
structures. (A. 3D printed PLA-FCC capillary structures. B. 3D printed PLA-BCC capillary structures. C.3D printed PVC-FCC
capillary structures. D. 3D printed PVC-BCC capillary structures. E. 3D printed PS-FCC capillary structures. F. 3D printed PSBCC capillary structures)
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3.5.6 Pressure measurement of 3D printed multi-capillary structures
PLA, PVC and PS-FCC/BCC multi-capillary samples (shown in Figure 3.10) were prepared and
then connected with the pump of HPLC. The pressure required to drive the water through these
capillaries samples was monitored throughout increasing the pump flow. Leaks were detected by
visual inspection. Figure 3.10 shows the relationships between the flow and pressure within the
capillary structures before leaking.

Figure 3. 10 The tested pressure of 3D printed PLA, PVC and PS multiple- capillary structures which withstand before leaking (A.
3D printed FCC structures. B. 3D printed BCC structures).

With the rising of pump flow, the pressures of FCC and BCC multi-capillary structures totally
experienced significant linear increases before leaking, had a noticeable decrease when these
samples were leaking and then continuously increased until the end of tests. At first, FCC-type
samples with 4 capillaries showed a continuous increasing without leakage during the tests. With
a noticeable increase of the tested pressure, the values of PLA-FCC structures could withstand
were the largest in these FCC-type samples. After the figure of pumping flow reached 9 ml/min,
the maximum value of PLA-FCC structure was about 580 psi, more than 200 psi that of PS-FCC
and twice the figure of PVC-FCC structure (about 260 psi). This shows that the PLA-FCC
structure can sustain high pressures, when compared to other structures. BCC-type samples with
3 capillaries then showed a remarkable change before and after leakage. The pressure value of
PVC-BCC sample with the first leakage was appropriate 980 psi when pump flow was 4 ml/min,
more than 20 psi that of PLA-BCC with pump flow 5 ml/min and about 300 psi of the figure of
PS-BCC structure
when flow was driven 3 ml/min. Leakage of BCC structures resulted in significantly decreasing
from maximum values, however pressures of BCC structures could bear can keep linearly
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increasing to about 1000 psi with the pump flow rising.
Overall, PLA-BCC and PLA-FCC samples were able to be used as the element of pumping fluid
in terms of the maximum pressures that the samples could sustain, compared with other samples.

3.6 Theoretical calculation of flow rate for 3D printed PLA single
capillary electro-osmotic pumps (EOPs)
Due to the characterization of PLA, PVC, and PS capillary structures in terms of areal variation,
mechanical property and back-pressure tests, 3D printed PLA capillary structures have a better
performance than other samples. PLA samples are therefore reasonable to be chosen as the main
channel structures which will be the key component of EOPs. Given the importance of flow rate
for EOPs, theoretical calculations based on the reported approaches for EOF measurement on
CE and microchip CE204, were employed to roughly estimate the flow property of PLA capillary
structures when used to as EOPs.

Figure 3. 11 The theoretic flow rate of 3D printed PLA -FCC/BCC 1- capillary structures with different lengths (A. 3D printed
FCC structures. B. 3D printed BCC structures).

Theoretical values of volume flow rate of EOP can be approximately calculated according to the
equations in Chapter1, Section1.4. Firstly, as for dilute aqueous solutions such as buffer
(Na2CO3/NaHCO3), their viscosity and permittivity can be roughly regards as the same those of
pure water, which may be expressed as205-206, 𝜀 = 305.7 𝑒 (−𝑇/219) 𝜀0 (𝜀0 is the vacuum
permittivity), η = 2.761 × 10−6 𝑒 (1713/𝑇) . Secondly, at room temperature, the Debye layer128
, is also known as the electric double layer, can be calculated in terms of equation (9), 𝜆𝐷 ≅
3.5𝑛𝑚, which is significantly smaller than dimensions of 3D printed capillaries (approximately
100 ~200 𝜇𝑚). Thirdly, according to the Helmholtz–Smoluchowski207 equation (28), the idea
𝜇 can be calculated when other factors such as T, 𝜁 and η are known. Finally, the EOF rate
(𝑄𝑒𝑜 ) can be expressed by 𝑄𝑒𝑜 = 𝑣 𝐴 , where 𝐴 is the area of cross section of capillary. The
specific data have been calculated and listed in Figure 3.11 as a basic comparison of tested values.
Figure 3.11 shows the calculated results of flow rates for PLA single capillary EOPs. The flow
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rates of PLA single capillary EOPs should exhibit linear increases according to the equations
mentioned in the introduction. PLA-FCC EOPs should have a good performance on pumping
flow because of relatively large size and uniform cross section capillary in area, compared with
PLA-BCC samples. It should be mentioned that some parameters are estimated according to
values of pure water. (Temperature is set as the room temperature and assumed no change in
experiments; zeta potential 𝜁 is roughly regarded as -55 mv208; 𝜀 and η are basically regards as
the same those of pure water.). Therefore, these theoretical calculation data only could be treated
as a rough reference as the tested results.

3.7 Conclusions
In this chapter, FDM-3D printed FCC and BCC single-capillary structures and multi-capillary
structures have been fabricated by manually controlling G-code using PLA, PVC and PS
materials, according to these printed samples’ cross-sectional images which also exhibited the
dimensions of capillaries and printed specimen. The areal variation of single capillary samples
presents the change of single capillary in dimensions. The mechanical properties of single layer
samples illustrated the adhesion force of extruded filaments to reflect the ability of pressureresistant of printed structures and the possibilities of adjusting of printing parameters. The
pressure that these samples could withstand was influenced by their length as well as the number,
the size and the dimensional uniformity of these capillaries. The properties and characterization
of these printed capillaries and samples play a key role in pumping flow when these samples are
integrated into EOPs or microfluidic system. Importantly, these tests demonstrated that the
printed capillary structures were open and more than able to operate at the flow rates expected
for an EOP device.
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4
4.1

FDM-3D printed PLA Electroosmotic Pumps
Abstract

This body of work study is focused towards on the development of novel electroosmotic pumping
structures and configurations for incorporation into microfluidic systems via a simple 3D printed
architecture. Microfluidic devices have already been employed the fields of micro-analytical
systems and microelectronics by using inexpensive, customizable fluid-handling automation at
the microlitre scale. Additive manufacture (3D printing) offers materials and possibilities that
can contribute positively to the current methods for fluid movement within microfluidic devices
preparation. Here, a fused deposition modelling (FDM) method, one of the simplest and costeffective forms of 3D printing technology, has been employed to fabricate micro capillary
structures using low cost thermoplastics and subsequently investigated as a scalable
electroosmotic pump. The FDM-3D printing technique was used to fabricate capillary structures
based on face-centre cubic and body-centre cubic filament arrangements using polylactic acid
(PLA). These 3D printed capillary structures were demonstrated to be able to be used as
electroosmotic pumps and where the maximum flow rate of single capillary EOPs was observed
to reach 1.0 𝜇𝑙/𝑚𝑖𝑛 at fields of up to 750 V/cm. This flow was increased via the development
of parallel (multiplexed) capillary arrays formed as a consequence of the 3D printed structure.

4.2

Introduction

Microfluidic16 devices have brought unprecedented opportunities to diverse analytical fields with
applications in DNA analysis56-57, high-throughput screening58, cell biology16,
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, chemical

synthesis61, proteomics62 and medical diagnostics3 by enabling inexpensive, customizable fluidhandling automation with cross section at the micrometer (1−500 𝜇𝑚) scale and a small volume
(1x10-9 to 1 x 10-15 litre) capacity. To extend microfluidics systems into new research fields that
are unconstrained by microfluidic chip fabrication, novel fabrication methods and new materials
need to be developed.
Three-dimensional (3D) printing134-135, has been shown to have the potential to fabricate microscale structures and microfluidic devices11, opening up new areas of application. The FDM-3D
printing technique can provide many significant functions when it is used to manufacture
microfluidics devices, as it offers a broader range of materials11 and possibilities to quickly and
accurately fabricate structures with complex 3D features, over a wide range of sizes, from submicrometer to several meters14-15. Examples of different microfluidic devices fabricated via the
FDM approach include: A 3D-printed PLA microchannel (1200 µm in width and 400 µ𝑚 in
height) has been fabricated with FDM and integrated into different architectures and additional
complex processing steps14. PLA (polylactic acid) has been employed to FDM print highpressure and high-resistant transparent microfluidic devices with 400 × 400 𝜇𝑚 square channels
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which can be applied into DNA melting analysis172. Another transparent PLA microfluidic device
based on a cuvette, with a path length of 500 𝜇𝑚 and a capacity of 50 µ𝑙 has been fabricated by
FDM technique to perform an enzymatic cascade reaction for the optical quantification of
glucose173.
The use of 3D printing in the fabrication of microfluidic devices has gradually heightened
because of the unprecedented opportunities that 3D printing can provide. Particularly, 3D
printing has shown its unique advantages for fabricating microchannels, thereby providing
researchers with more opportunities to make microfluidics device structures including pumps
and valves. Micro-pumps with two or three-dimensional microchannels are frequently utilized
to perform one key function (fluid pumping and control of flow rates) because of the nature of
microchannels that typically have small overall volumes, laminar flow, and a large surface-tovolume ratio. One key pump configuration is the electroosmotic pump (EOP) 101, 205, 209 which
leverages the surface charge that spontaneously develops when a liquid comes in contact with a
solid. In 3D printing approaches, the FDM approach has been adapted for making microfluidic
microchannels, however there has been no little attention to the fabrication of micro-channels in
the range of 80 to 200 𝜇𝑚, which are essential for the operation of EOP structures, as the use of
regular print nozzles (400 𝜇𝑚 in diameter) are considered a restrictive barrier. As a result, 3D
FDM printed electroosmotic pumps (EOPs) have not been reported so far, as a practical
methodology to produce suitable microchannels has been lacking. The aim of this chapter was
to develop novel printed capillary structures to produce electroosmotic pumping structures using
PLA.
In this work the FDM-3D printing technique has been explored to fabricate capillary structures
based on face centre cubic (FCC) and body centre cubic (BCC) filament arrangements using
PLA (shown in Figure 4.2). PLA was chosen here as it is thermoplastic for FDM 3D-printers
ensuring good reproducibility and ready-to-use materials for devices fabrication. This body of
work focuses on the development of novel printed capillary structures to produce electroosmotic
pumping structures and configurations for incorporation into microfluidic systems. In the studies
described below, a maximum flow rate for PLA single capillary EOPs of 1.0 𝜇𝑙/𝑚𝑖𝑛 at voltages
of up to 750 V/cm was achieved. This flow rate was increased through the design of PLA multicapillary EOPs architectures.

4.3

Experimental methods

4.3.1

3D-printing setup

A FDM printer (Me-3D), based on the RepRap open hardware project, has been used to printed
capillary structures in this work. Each plane or layer contains a set of Cartesian coordinates that
specify the extruded amount (E), printing speed (or federate (F)) and temperature (T) and where
the filament was deposited by using the manually written G-code language. With this approach,
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careful adjustments to the printer and Slic3r (slic3r.org) settings are needed to avoid a collapse
of the structure, hampering future developments. Please see Figure 1.5 in Section 1.5 in Chapter
1 or Figure 2.1 in Section 2.1 Chapter 2 for the schematic illustration of FDM printing and setup.

4.3.2

3D-printing capillary samples preparation

The single capillary samples of FCC and BCC structures for PLA (Modfab, 1.75 mm), were
printed by adjusting different groups of parameters (such as printing temperature (T), x, y, z
position, feed-rate (F) and the extruded amount (E)). Table 4.1 shows the optimal preparation
parameters of FCC and BCC structures for PLA samples (See Chapter 2, Section 2.2).
Table 4.1 The optimal printing parameters of FDM-3D printed PLA capillary structures
Material
PLA

4.3.3

Structure
FCC
BCC

T(°C)
190-210

F(mm/min)
1000-1200
1000-1200

E(mm)
5
5

X(mm)/shift
0.4
0.4

Z(mm)/shift
0.3
0.35

3D printed capillary structures properties characterization

An optical microscope (Leica M205A) and a Micro/Nano X-ray Computed Tomography (Micro
XCT-400, Australian National Fabrication Facility, SA Node) was employed to measure the
cross-sectional and the dimensions of capillary structures. The maximum pressures these
specimens could withstand before leaking were measured when connected directly to a HPLC
pump system (Shimadzu), see Chapter 3, Section 3.3.3.

4.3.4

3D printed capillary electro-osmotic pumps (EOPs) package and their

properties characterization
A schematic overview of the experimental setup for EO pumps is shown in Figure 2.1 (Chapter
2). The EO pump design consisted of two reservoirs, the 3DP-capillary structures and glass
capillary tubes. To accurately measure flow volumes generated by the EOF pumps, each test was
run long enough to easily measure solution displacements in the glass tubing for electrode
insertion and fluid flow determination121. With each flow-rate experiment, the 3D printed PLA
capillary sample was filled by pressurized injection of electrolyte to ensure removal of air
blockages within the 3D printed PLA channel. A LabSmith HVS448 High Voltage Sequencer,
capable of high voltage up to 3 kV with an accuracy of 0.05%, was used to generate the electric
field between the two reservoir chambers. PLA capillary EOPs were tested at applied fields up
to 1500V. The EOPs flow rates were calculated by measuring the change in head height (volume)
in the glass capillary tubes and dividing by the change in time.

4.3.5

3D printed EOPs buffer solutions

All solutions were made with deionized water (18.3 MΩ; Millipore, Bedford, MA) and filtered
with a 0.22 μm nitrocellulose membrane filter (Fisher Scientific, Fairlawn, NJ). A carbonate
buffer solution, pH 10.0, with various concentrations i.e. 0.313, 0.625, 1.25, 2.50, and 5.00 mM,
was prepared from commercial sodium bicarbonate (Sigma) and sodium carbonate (Sigma) in
D.I. water. A Tris and CHES buffer solution, pH (8.83), was prepared from
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Tris(hydroxymethyl)aminomethane (Tris, Sigma) and N-Cyclohexyl-2-aminoethanesulfonic
acid (CHES, Sigma) in D.I. water to form various concentrations i.e.2.5, 5.0, 7.5, 10, and 50 mM.
A Phosphate-buffered saline (abbreviated PBS, Sigma), pH (6.6) with different concentrations
i.e.0.05, 0.10, 0.50 and 1.0 mM, was made from disodium hydrogen phosphate, sodium chloride,
potassium chloride and potassium dihydrogen phosphate. A 5.0 mM NaNO3 solution was
obtained using sodium nitrate (Sigma) in D.I. water.

4.4

Results and discussion

4.4.1

The morphology characterization of 3D printed PLA capillary structures

3D printed PLA capillary structures were produced based on a face centre cubic (FCC) or a body
centre cubic (BCC) filament arrangements. Custom G-code for two configurations of capillary
structures were specifically written to control the operation of printer to produce a desired
outcome that was a typical of FDM printed structures which aim for maximum density and infill.
The printing parameters (feed-rate-F, temperature-T, E, Y, X and Z, shown in Table 4.1) were
optimised during the printing procedure to reproducibly produce the desired print architecture.
Resultant prints were characterized by Micro CT, Figure 4.1, and show that the designed
capillary structures were successfully printed. Reasonable fidelity between digital design and
resultant 3D structures were achieved in terms of capillary number, distribution, shape and
dimensions.
The resultant micro-channels (capillaries) of FCC structures were observed to be well-distributed
with mainly irregular quadrangle and triangle cross-sectional capillary shape, as much similar as
the schematic design. Particularly, the number of capillaries in these printed FCC capillary
structures was the same as the intended print design. The micro-channels of BCC structures were
not as well distributed with two sizes of triangular capillary, compared to the schematic design.
Although the number of capillaries in BCC samples was the also same as the figure of designed
ones, the smaller capillaries in the BBC printed structures were likely to have collapsed as a
result of the filament slumping processes during printing. In this work, the smaller capillaries
were therefore considered to have no significant role in EOP operation. It was noted that FCC
capillary structures were relatively easier to fabricate and were closer to requirements of desired
print design than BCC structures, with respect to the resulting capillary distribution and number
of open channels.
Table 4.2 The dimensions of 3D printed FCC and BCC capillary structures (shown in Figure 4.4, Theoretical values of
designed structures are shown in Table 3.1 and 3.2.)
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Material-structure
Number of capillaries
FCC/BCC overall area (µm2)
Capillary average area (µm2)
Capillary overall area (µm2)
A holes/ A structure ratio
Capillary width (µm)
Capillary height (µm)

PLA-FCC
1
25
(3.87±0.12) x105
3.64 x106
(1.23± 0.07) x104 (1.44±0.26 ) x104
(1.23±0.07) x104
3.61 x105
3.17%
9.92%
197±10
212±23
166±6
181±25

PLA-BCC
1
15
(5.82±0.16) x105
2.73 x106
(7.86±0.97) x103 (8.47±4.11) x103
(7.86±0.97) x103
1.27 x105
1.36%
4.68%
184±10
166±26
106±14
121±16

The structural data distinguishing characteristics capillary area and structures for these printed
PLA capillary samples (shown in Figure 4.1) are given in Table 4.2. Theoretical values of
designed structures are shown in Table 3.1 and 3.2.
For PLA-FCC samples, the dimensions (the widths and heights) of the printed capillaries in FCC
structures were in the range of 166-212 µm. The average capillary cross-section area of the PLAFCC single-capillary was 1.23 × 104 µm2 (Note: this area was 2× 103 µm2 smaller than the
capillary areas observed for the PLA-FCC 25-capillary sample, due to the areal variation of
capillaries in samples). The overall area of PLA-FCC 25-capillary device was 3.64 × 106 µm2,
which was near 10 times the figure of the PLA-FCC single-capillary device.
For the PLA-BCC samples, the dimensions of printed capillaries in BCC capillary structures
were 106-184 µm. The average capillary area of PLA-BCC single-capillary sample was similar
in the PLA-BCC 15-capillary sample. The overall area of PLA-BCC 15-capillary sample was
2.73 × 106 µm2, and approximately 5 times the figure of PLA-BCC single-capillary sample. It
should be noted that the observed number of functional capillaries in BCC samples was 1 and
15, instead of the print design model which had 4 and 36 channels respectively. The main reason
for the deviation from the print design for the BCC capillary structures was that during the
printing processes the newly extruded filaments were deposited in the middle channel of former
extruded filaments before they were completely solidified, this could result in the collapse of the
capillary structure producing smaller capillary structures that in some instances could be
potentially blocked. Therefore, here the number of BCC multi-capillary structures was calculated
as 15+ which means that at least 15 capillaries were formed.
To summarise, 3D printed capillary FCC and BCC structures have been made successfully in
terms of the area, dimension and number of these capillaries, although there were few distinctions
between designed and printed structures.
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Figure 4. 1 The cross-sectional views of 3D printed PLA capillary structures. (A)PLA-FCC 1-capillar printed structure (B) PLAFCC 1-capillar designed structure (C) PLA-BCC 1-capillary printed structure (D) PLA-BCC 1-capillary designed structure (E)
PLA-FCC multi-capillary printed structure (F) PLA-FCC multi-capillary designed structure (G) PLA-BCC multi-capillary printed
structure (H) PLA-BCC multi-capillary designed structure

4.4.2

The pressure resistance properties characterization of 3D printed PLA

single capillary structures
In order to characterise the adhesions between sequentially extruded filaments to form
continuous capillary channels, pressure leak testing of the 3D printed PLA-FCC and PLA-BCC
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single capillary samples (approximately 121 mm in length) were carried out. Printed capillaries
were glued into a HPLC ferrule fitting and directly connected to a HPLC pump system with
pressure gauge (Shimadzu). The capillaries were tested by increasing the amount of flow
pumping though capillary and the resultant back pressure required driving the water though
capillary monitored. Leaks were detected by visual inspection and was associated with a nonlinear pressure response. Figure 4.2A shows the relationships between the pressure of capillary
structures before leaking and the pump flow.
It can be seen from Figure 4.2A that PLA single capillary structures were capable of acting as
functional fluid channels, exhibiting no channel blockages and with significant high pressureresistance indicative of good filament layer adhesion. Fluid was observed to easily flow though
the single capillary structures from 0.01 ml/min (shown in Figure 4.2B) and jetted from the tested
structures at 2.0 ml/min. The pressure values of FCC structures sustained (before leaking)
increased linearly with the rising of pump flow up to 2000 psi. The presence of the linear flowpressure relationship confirmed that there were no leakages present with in the printed samples.
The maximum pressure of BCC structures (before leaking) was higher than that of FCC samples
was due to the fact that the cross-sectional capillary area formed by stacked BCC structures was
smaller than that of FCC structures, therefore needing more force to drive water through
capillary. The maximum pressure values which these single-capillary samples could withstand
confirmed that PLA-FCC and PLA-BCC single-capillary structures were more than suitable to
be used as flow channels when pumping high pressure fluids.
Leakages were observed in some samples during the tests, primarily due to print faults. The main
reason here was that some of the extruded filaments failed to weld to the adjacent surfaces
resulting in small layer gaps. This had a direct impact on the leakages particularly when the
amount of pump flow increased. These drawbacks can be further improved by using more
adherent materials to seal the micro-channels and by reducing the total feed-rate during the
device fabrication. To address this, a method was developed to print the first layer on the bed as
the sealing bottom layer at a higher temperature, followed by manual adjustment of the distance
between the nozzle and the bed by adding a 0.1 mm negative offset to the distance from the first
layer, thus creating an overlay among the printed tracks and ensuring a good sealing of the
structures. However, this method affects the size of capillaries and distorted the ideal cylindrical
filament cross section.
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Overall, the pressure test confirmed the integrity of the 3D printed PLA-BCC and PLA-FCC
single-capillary designs showing that they were reliably sealed and suitable to EOP testing.
(A)

(B-1.1)

(B-1.2)

(B-2.1)

(B-1.3)

PLA-FCC

(B-2.2)

(B-2.3)

PLA-BCC

Figure 4. 2 (A) The flow-pressure response of a 3D printed PLA single capillary. (B) Cross-section of a 3D printed
PLA 1-capillary structure (B-1.1 /B-2.1 The cross-sectional image of PLA-FCC/PLA-BCC 1-capillary structures; B1.2 /B-2.2 The liquid droplet flows at low pump flow (0.01 ml/min); B-1.3/B-2.3 The liquid jetting at higher pump flow
(2.0 ml/min)

4.4.3

The flow properties characterization of 3D printed PLA single capillary

EOPs
After gaining an understanding of the properties of PLA capillary structures, these structures
were investigated as potential EOPs microchannels for moving liquid.

4.4.3.1 The flow properties of 3D printed PLA-FCC single capillary EOPs
4.4.3.1.1 60s-Flow properties of 3D printed PLA-FCC single capillary EOPs

3D printed PLA-FCC single capillary EOPs were tested over a 60 seconds period using 5.0 mM
Na2CO3/NaHCO3 buffer and an applied alternate DC voltage within the range of ±200 to ±1500
V across capillary lengths of 10 mm, 20 mm and 40 mm. Plots of the observed current versus
applied voltage along a PLA-FCC single capillary show that the current in the PLA-FCC single
capillary EOPs of different lengths generally experienced a significant increase with an
ascending of voltage.
In Figure 4.3A and 4.3B, the current (absolute value) was observed to fluctuate dramatically at
all test voltages but this was more significant at higher voltages (800-1500 V) for capillary
samples 10 and 20 mm in length. In all cases, the current increased significantly at the beginning
of the test, then rapidly decreased to a relatively steady state. The maximum current for 10 mm
in length capillary was 200 𝜇𝐴, while the minimum value was about 25 𝜇𝐴. For the 20 mm
capillary, the current ranged from 12 𝜇𝐴 to 100 𝜇𝐴. However, the observed current of 40mmsamples was relatively uniform (shown in Figure 4.3C), even at the higher voltage ranges. In this
instance, the current in the 40mm-EOPs rose rapidly at the beginning of every test, similar to the
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shorter capillary length (10 and 20 mm), after which the current ascended and plateaued slowly
during the remainder of the testing time. Significantly, these samples were able to maintain a
stable current when the external voltage was between 200 and 600 V. The maximum and
minimum value of current was about 60 𝜇𝐴 and 6 𝜇𝐴, respectively, was close to a quarter of the
extreme value of 10mm-samples and half of the value of 20mm-samples. The reduced observed
current was due to the capillary geometry [𝐼 = κ × E × A⁄𝐿] (A is the area of capillary; L is the
length of capillary210) and therefore a lower current would be expected with increasing column
length. Importantly, the lower current is advantageous as it assisted in minimising local heating
to create a more stable behaviour, see Chapter 1 Section 1.2.3 and Chapter 4 Section 4.4.3.7 for
heat dissipation issues. Therefore, PLA-FCC EOPs samples with 40 mm were considered to be
optimal as it presented a relatively steady performance with respect to current.

Figure 4. 3 The flow properties of PLA-FCC single capillary EOPs (A) The current versus test time of PLA-FCC EOPs (10mm).
(B) The current versus test time of PLA-FCC EOPs (20mm). (C) The current versus the test time of PLA-FCC EOPs (40mm). (D)
The flow rates of PLA-FCC EOPs with various lengths versus applied positive voltage

The volume flow rate of these PLA-FCC EOPs was calculated by measuring the changes in the
liquid head height in micro capillary glass tubes. Figure 4.3D shows the dependence of the
volume flow rate (or electroosmotic velocity) on the voltage applied over these capillary EOPs.
At positive applied voltages, the flow rates for the PLA-FCC single capillary EOPs with 10 and
75

20 mm lengths increased with the applied voltage up to 1000 V. At higher applied positive
voltages (1200 to 1500 V) there was a relatively slow increase in flow rate with rising of voltage.
However, the 40mm-EOPs exhibited a linear trend with applied positive voltage from 200-1500
V. Contrasting this, samples of 10 mm in length exhibited a higher flow performance, with a
maximum value of 1.2 𝜇𝑙/𝑚𝑖𝑛, which was 0.4 𝜇𝑙/𝑚𝑖𝑛 higher than the maximum flow rates for
20mm-EOPs and nearly double the figure of 40mm-EOPs, which was higher than the flow rate
of silicon-based EOPs with small channels (0.19 𝜇𝑙/𝑚in)121. While higher flow rates were
observed at short capillary lengths, the flow variability in the shorter capillaries had a
significantly higher level of error, which was also reflected in the observed current fluctuations
at higher applied voltages. Similar flow rate trends were also observed for PLA-FCC singlecapillary EOPs at negative voltages. This was because 10mm-EOPs with relatively larger
capillary cross sections and shorter capillary lengths were affected dramatically by the
temperature and bubbles generated at higher voltage. This then exhibited a relatively more
unstable EOP performance (with respect to the observed current at the same high applied voltage)
with respect to 40mm-EOPs. Clearly, both the applied voltage and the length of samples
influence the flow rates of PLA-FCC EOPs, as discussed in Chapter 1, section1.2.3.
From the above results, it can be seen that PLA-FCC single capillary EOPs operated more stably
at lower voltage, however, the performance was influenced dramatically by the higher voltage
application. Furthermore, the length of capillary also had a remarkable impact on the flow
properties of EOPs by affecting the electrical current through the capillary.
4.4.3.1.2 300s-Flow properties of 3D printed PLA-FCC single capillary EOPs

The flow performance of 3D printed PLA-FCC single-capillary EOPs was also investigated over
a longer period of time in order to determine the device stability at high voltages. The PLA-FCC
single-capillary EOPs were noted to have a steady performance with respect to current at low
voltages from ±200 to ±400 V, shown in Figure 4.4A-C. As a result, printed capillary EOPs
with different lengths were tested at relatively high applied voltages (±600 to±1500 V) over 300
seconds over four cycles in order to determine operational limits of the device, Figure 4.4.
The flow properties of a PLA-FCC single-capillary EOP of 10 mm in length over ±600 to ±1500
V presented a non-uniform current response. From Figure 4.4A to Figure 4.4E, the observed
current in the samples with 10 mm in length experienced a dramatic current spike during first
300s’s test but upon subsequent cycles the response stabilised but lacked reproducibility. This
was because the flow was driven easily and a fast though the short capillary at the beginning of
the first 300s’s test, which was represented by increasing current values. However, the resultant
current was high enough to escalate Joule heating and bubble formation. The existence of bubbles
and its accumulation further affected dramatically on the flow stability though capillary over the
length of the test. Furthermore, the unstable behaviour for each 300s’s test was also consistent
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with the results observed in Figure 4.4 at shorter periods.
Contrasting this, the flow properties of PLA-FCC 20mm-EOPs remained relatively steady from
±600 to ±800 V, as evidenced by the flatter current response, however significant current
fluctuations were noted at ±1000 to ±1500 V. EOPs of 40 mm length exhibited steady
performance over ±600 to ±1500 V and presented uniform current curves. For example, the
current absolute values of 40mm-EOPs in ±1500 V held steady at 60 𝜇𝐴 in the four 300s cycle
tests (shown in Figure 4.4Q). It can be seen that the flow rates of PLA-FCC EOPs in 300s had a
linear relationship with the applied voltages, shown in Figure 4.4F, 4.4L and 4.4R, respectively.
From Figure 4.4 it is evident that both the length of capillary and the voltage applied along the
capillary will impact directly upon the current and flow properties of EOPs. The increase of
capillary length and the decrease of applied voltages had a positive impact on the flow stability
through stabilizing the current passing within the capillaries or microchannels and as shown, the
current is highly related to the flow performance of the device.
PLA-FCC single-capillary EOPs with various lengths of 10, 20 and 40 mm over 300s at 600 V
were clearly more stable with respect to current and flow rates, Figure 4.4S. The current for PLAFCC samples with 10 mm in length had a sight fluctuation and increased to approximately 80
𝜇𝐴, about twice the figure of PLA-FCC with 20 mm in length and four times the figure of PLAFCC with 40 mm in length. The highest flow rate of 0.445 𝜇𝑙/𝑚𝑖𝑛 was observed for EOP’s 10
mm in length, slightly larger than the figure of 20mm EOPs and about double that of the 40 mm
EOPs. From these findings, it can be assumed that PLA-FCC single-capillary EOPs can operate
stably over relatively long times at lower voltages.
Overall, it can be concluded that PLA-FCC single capillary EOPs operated more stably at low
voltages over long time and were influenced dramatically by high applied voltages. Furthermore,
the length of capillary also had a direct impact on the flow properties of EOPs with an increase
in length producing a more stable response as a result of lower currents (due to increasing
electrical resistance) and therefore flow rates.
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Figure 4. 4 The flow properties of PLA-FCC single capillary EOPs with different lengths at ±600𝑉~ ± 1500𝑉 over 300s. A: PLA-FCC-10mm±600V-300s; B: PLA-FCC-10mm±800V-300s; C: PLA-FCC10mm±1000V-300s; D: PLA-FCC-10mm±1200V-300s; E: PLA-FCC-10mm±1500V-300s; F: PLA-FCC-20mm±600V-300s; G: The flow rate of PLA-FCC 10mm EOPs over 300s versus applied voltages;
H:PLA-FCC-20mm±800V-300s; I:PLA-FCC-20mm±1000V-300s; J: PLA-FCC-20mm±1200V-300s; K:PLA-FCC-20mm±1500V-300s; L: The flow rate of PLA-FCC 20mm EOPs over 300s versus applied
voltages; M:PLA-FCC-40mm±600V-300s; N: PLA-FCC-40mm±800V-300s; O: PLA-FCC-40mm±1000V-300s;P: PLA-FCC-40mm±1200V-300s;Q: PLA-FCC-40mm±1500V-300s;R: The flow rate of PLAFCC 40mm EOPs over 300s versus applied voltages; S: The current value of PLA-FCC EOPs with different lengths at 600V over 300s
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4.4.3.2 The flow properties of 3D printed PLA-BCC single-capillary EOPs
In this section PLA-BCC single capillary structure EOP performance under varying electric
fields and operational time were investigated
4.4.3.2.1 60s-Flow properties of 3D printed PLA-BCC single-capillary EOPs

3D printed PLA-BCC single capillary EOPs were tested under the same experimental conditions
as the PLA-FCC single-capillary EOPs (shown in Section 4.4.3.1). Figures 4.5A, 4.5B and 4.5C
show the relationship of current, time and applied voltage. Generally, the observed current of a
3D printed PLA-BCC EOPs experienced a significant rise with increasing voltage, in a behaviour
similar to the 3D printed PLA-FCC EOPs.
In Figure 4.5A, the observed current for PLA-BCC EOPs with 10 mm lengths increased
significantly up to 800 V. Above this applied voltage the current was noted to fluctuate
dramatically. The maximum (absolute) current observed was 150 𝜇𝐴 at 1,000V, while the
minimum was 13 𝜇𝐴 at 200 V. EOP samples of 20 mm and 40 mm length behaved far more
predictably, with the current increasing initially until stabilising over the testing time, Figure
4.5B and 4.5C. The maximum value of current of PLA-BCC EOPs with 20 mm length was 35
𝜇𝐴, 10 𝜇𝐴 higher than the 40mm length sample. It should be noticed that the tested current
(absolute value) of PLA-BCC single-capillary EOPs descended with an ascending length of
samples, in a similar tendency of PLA-FCC single-capillary EOPs. For instance, the current
range of 10mm-EOPs was about 50-125 𝜇𝐴, whereas 20-mm-EOPs and 40mm-EOPs were 1520 𝜇𝐴 and 10-15 𝜇𝐴, respectively up to 800 V. The reduction in current was consistent with the
increasing resistance of the longer capillary channels, which resulted in more stable device
operation. This was because the current was inversely proportional to the length of capillary and
low current decreased the generation of electrolytically formed bubbles. From Figure 4.5D, the
flow rate of PLA-BCC EOPs increased with increasing applied voltage. The highest flow rate
for the PLA-BCC single capillary samples was 1.0 𝜇𝑙/𝑚𝑖𝑛 at 1500V for the 10 mm and 20 mm
in length, and approximately four times the figure of 40mm-samples. Significantly, these higher
flow rates were also associated with a high degree of flow reproducibility (error) due to the
significant impact of bubbles generated by high voltage on the flow stability in the capillaries.
The flow rates of these pumps increased with voltage, but also decreased with the length of the
EOP capillary, which also resulted in a more stable pump behaviour.
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Figure 4. 5The flow properties of PLA-BCC single capillary EOPs (A) The current versus test time of PLA-BCC EOPs (10 mm).
(B)The current versus test time of PLA-BCC EOPs (20 mm). (C) The current versus test time of PLA-BCC EOPs (40 mm). (D) The
flow rate of PLA-BCC EOPs with various lengths versus applied positive voltage.

4.4.3.2.2 300s-Flow properties of 3D printed PLA-BCC single-capillary EOPs

The flow properties of PLA-BCC single capillary EOPs with various lengths were investigated
at different applied potentials over 300 s to determine if these devices were functional over longer
testing times. Figure 4.6 shows the current and flow rates of PLA-BCC single capillary EOPs of
10 mm, 20 mm and 40 mm length at ±600𝑉 𝑡𝑜 ± 1500𝑉 over 300 s.
The flow properties of PLA-BCC 10mm-EOPs from ±600 to ±1000 V was steady and presented
uniform and flat current behaviours. However, from ±1200 to ±1500 V non-uniform current
responses were noted. The flow properties of PLA-FCC 20mm-EOPs exhibited a similar change
trend as the 10mm-EOPs in terms of the current responses, again remaining steady in from ±600
to ±800 V with a noticeable fluctuation above ±1000 V. For example, the absolute values of
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current for 20mm-EOPs in ± 600 V were consistently about 15 𝜇𝐴 during the four times 300stests (shown in Figure 4.6G), however, the values of samples decreased gradually in -1500 V and
remained 60 𝜇𝐴 in +1500 V in the 300s tests in Figure 4.6K. Samples with 40 mm capillary
length, exhibited a steady current response from ±600 to ±1000 V. For example, the current
absolute values of 40mm-EOPs at ±1000V held steady at 20 𝜇𝐴 over the four 300s-tests (shown
in Figure 4.6O). However, the flow performance of 40mm-EOPs presented a slight change
in ±1200 to ±1500 V resulting in non-flat current responses (shown in Figure 4.6P and Figure
4.6Q). In addition, the flow rates of the EOPs in 300s increased linearly with an increasing of
applied voltages, reaching the maximum values of 0.8 𝜇𝑙/𝑚𝑖𝑛 with 10 mm (Figure 4.6F), 0.85
𝜇𝑙/𝑚𝑖𝑛 with 20mm (Figure 4.6L) and 0.48 𝜇𝑙/𝑚𝑖𝑛 with 40 mm (Figure 4.6R), respectively.
Overall, it can be seen that PLA-BCC EOPs can operate steadily and functionally at lower
voltages over longer operation times. However, the application of high voltages affects
dramatically on the performance of the EOP due to the fact that the flow rate is proportional to
the applied voltage and that the high voltage also brings about bubble formation which
subsequently impacts negatively on the flow stability. Clearly, both the use of the longer capillary
length improved the EOP stability, but as equally important was the application of lower
voltages. Both approaches resulted in a more stable current flow and subsequently EOPs
performance. Comparison of the flow properties of PLA-BCC single-capillary EOPs of 10 mm,
20 mm and 40 mm lengths at 600 V over 300s is shown in Figure 4.6S. It can be seen from Figure
4.6S that the current (absolute value) of PLA-BCC single capillary EOPs also experienced a
rapid increase at the beginning of every test, and then remained relatively constant. This
behaviour was similar to the PLA-FCC single-capillary EOPs discussed above in Section 4.4.3.1.
The observed current in the PLA-BCC samples that were 10 mm in length increased to near 60
𝜇𝐴, approximately three times that of the 20 mm EOP and six times the figure of PLA-BCC of
40 mm in length. The highest observed flow rate of 0.428 𝜇𝑙/𝑚𝑖𝑛 was achieved for samples of
10 mm in length, about 0.268 𝜇𝑙/𝑚𝑖𝑛 more than the figure of 20mm-EOPs while the figure of
40 mm-EOPs was only 0.078 𝜇𝑙/𝑚𝑖𝑛.
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Figure 4. 6 The flow properties of PLA-BCC single capillary EOPs with different lengths at ±600𝑉~ ± 1500𝑉 over 300s. A: PLA-BCC-10mm±600V-300s; B: PLA-BCC-10mm±800V-300s; C: PLA-BCC10mm±1000V-300s; D: PLA-BCC-10mm±1200V-300s; E: PLA-BCC-10mm±1500V-300s; F: PLA-BCC-20mm±600V-300s; G: The flow rate of PLA-BCC 10mm EOPs over 300s versus applied voltages;
H:PLA-BCC-20mm±800V-300s; I:PLA-BCC-20mm±1000V-300s; J: PLA-BCC-20mm±1200V-300s; K:PLA-BCC-20mm±1500V-300s; L: The flow rate of PLA-BCC 20mm EOPs over 300s versus applied
voltages; M:PLA-BCC-40mm±600V-300s; N: PLA-BCC-40mm±800V-300s; O: PLA-BCC-40mm±1000V-300s;P: PLA-BCC-40mm±1200V-300s;Q: PLA-BCC-40mm±1500V-300s;R: The flow rate of PLABCC 40mm EOPs over 300s versus applied voltages; S: The flow properties of PLA-BCC single capillary EOPs with different lengths at 600V over 300s.
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4.4.3.3 Discussion on PLA-FCC and PLA-BCC single capillary EOPs flow
performance.
In section 4.4.3.1 and 4.4.3.2, the flow performance of PLA-FCC and PLA-BCC single capillary
EOPs were investigated under different experimental conditions such as voltage, samples’
length, and the testing time, it is therefore necessary to discuss how these factors effect on the
flow properties of PLA EOPs.
From Figure 4.3D and Figure 4.5D, it can be seen that the applied voltages have a positive impact
on the flow rates of PLA-EOPs. The maximum flow rates of PLA-FCC and PLA-BCC EOPs
occurred at ±1500 V which is the maximum output capable for power supply used in this work.
Another aspect was that the geometry of microchannles impacted significantly upon the flow
properties of EOPs. The flow rates of EOPs were higher for the PLA-EOPs with 10 mm in length
than the EOPs of 40 mm in length, however the flow stability (error) was far from ideal. The
flow rates observed for the PLA-FCC EOPs were relatively larger than that of PLA-BCC EOPs,
due to the fact that the cross-sectional area of FCC configuration was larger than that of BCC
configuration (see Table 4.2). These observations can be explained by the Equation 6 (see
Chapter 1, Section 1.2.2) which shows that the flow rate of an electroosmotic pumping is directly
related to microchannels’ geometry, the applied electrical field strength, and properties of
electrolytes (The effect of the properties of electrolytes on the flow performance will be discussed
in the flowing sections (4.4.3.4 ~4.4.3.6).
In addition, the effects discussed above, other factors should be mentioned here. It can be
observed that PLA-FCC and PLA-BCC single capillary EOPs had clear current fluctuations at
different voltages were applied over 60s and 300s, especially when the high voltage was applied,
Figure 4.3A, Figure 4.4K, Figure 4.5A and Figure 4.6E. One main factor was that the generation
of electrolysis bubbles became a significant upon the application of higher voltages over
increasing testing times. Furthermore, some of these tiny bubbles were randomly dragged into
capillaries resulting in blockages, which resulted in current spikes as the resistance of the
capillary increased. These bubbles could more readily pass through these capillaries, especially
when the lengths of capillaries were short and the cross-section area of capillaries were large.
This issue was significant for the PLA-FCC single capillary EOPs of 10 mm in length had
relatively larger capillary cross sections and shorter capillary lengths, and therefore had a
relatively more unstable EOP performance (with respect to the observed current at the same high
applied voltage) with respect to the PLA-FCC structure with 40 mm in length. Furthermore,
similar trends were also observed for PLA-BCC 10 mm and 40 mm samples.
Another main factor was that the operating temperature of the EOPs contributed to the device
performance. An increase in the electrolyte temperature, caused by the application of the high
electric field in the reservoirs, and subsequently through the flow restrictive microcapillary of
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the EOP, will result in an increase in the devices operating temperature due to joule heating (see
Chapter 1, Section 1.2.3). This significantly changes the key properties of the buffer, such as
viscosity and ionic mobility, which then influences the rates of flow. This means that a large
amount of flow could be pumped through the FCC and BCC micro-channels in a short time and
further increased the opportunities of bubble transport though these channels. As a result, at high
voltages (above1000 V) the current of PLA EOPs normally experienced a significant fluctuation
due to a combination of increasing temperature that were also exacerbated by periodic capillary
bubble blockages that increase the electrical resistance within the channel.
Overall, it is reasonable to conclude that the flow performance of PLA-FCC and PLA-BCC
single capillary EOPs was directly associated with different experimental conditions. After
taking the effect of the EOP geometry and the applied voltage on the flow rates (as well as
considering the suitable operation current range of EOPs) both PLA-FCC and PLA-BCC single
capillary EOPs of 20 mm in length were chosen to be the main EOP structures for further studies.

4.4.3.4 Effects of buffer type and concentrations of buffer on flow rates of 3D
printed PLA single capillary EOPs
As it was mentioned in Chapter 1 Section 1.2.3, electrolyte concentration can determine the
Debye-Huckel parameter which is normally referred to the thickness of EDL. Furthermore,
electrolyte concentration affects the velocity of the EOF by directly influencing the zeta potential.
Therefore, it is important to determine how the electrolyte properties, such as bulk ionic
concentration, impacts on the flow rates of the EOP. A study was carried out to determine the
effect of different electrolyte buffers (Na2CO3 and NaHCO3 (at 1:1 mole ratio, pH=10.0); TrisCHES (at a 1:1 mole ratio, pH=8.83); PBS (pH=6.6)) on the flow rates of PLA EOPs was
undertaken. 3D printed PLA-FCC and PLA-BCC single capillary samples of 20 mm in length
were prepared as discussed in Chapter 4, Section 4.4.3.1~4.4.3.3. Figure 4.7 shows how the
concentrations of buffer solutions influenced the flow rates of PLA EOPs with applied voltage.
Increasing the ionic strength or concentration results in compression of the double layer thickness
(as dominated effect)109 and decreases the zeta potential, thereby dramatically reducing the
velocity of EOF and flow rates of PLA EOPs. The relationship between flow rates of PLA EOPs
and buffer concentrations was examined using Na2CO3 and NaHCO3 (Figure 4.7A and 4.7B).
The EOPs flow rates were close to linear when plotted against the natural logarithm of the
concentration at lower voltages (100-400 V) showing only a weak concentration dependence.
However, the flow rate decreased at higher concentrations particularly when higher voltages
were applied. Similarly, the observed changes in PLA EOPs flow rates with Tris-CHES buffer
shown in Figure 4.7C and 4.7D illustrate that an increasing concentration of the buffer had an
adverse impact on flow rates of PLA EOPs. Here, the high buffer concentrations limit columbic
interactions of solute with the charges at the capillary walls, compressing the electrical double
90

layer and decreasing the effective charge at the wall. Another competing effect when using higher
concentration buffers was that there was the potential to generate higher current flow resulting
in Joule heating. This effect would result in non-uniform temperature gradients and local changes
in viscosity (See Chapter 1, Section 1.2.3 for thermal studies). Contrasting the above
observations, the flow rates of PLA EOPs were relatively constant with an increasing
concentration of the PBS buffer (shown in Figure 4.7E and 4.7F) at low applied voltages (100800 V) and the figures had fluctuations and decreased slightly when applied voltages were above
1000 V. This means that the concentrations of PBS impacted slightly on the flow rates of PLA
EOPs. Due to the limitations of current from the power supply apparatus, the concentration range
of PBS in the tests was in a relatively narrow range so that it is not obvious to reflect the effects
of PBS concentrations on flow rates of EOPs. The negative voltages were also applied when
PLA-BCC and PLA-FCC EOPs for testing using three different buffers with various
concentrations. The test data showed that the flow rates of PLA-EOPs had a similar variation
trend as the results of EOPs at positive voltages, shown in Figure 4.7G ~ Figure 4.7L.
Overall, it can be seen that the concentrations of the buffer play a key role in adjusting the flow
rates of PLA EOPs. It could be reasonably predicted that the choice of buffer is also critical to
the magnitude of the electroosmotic flow, according to the resulted flow rates with different
buffers.
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Figure 4. 7 The flow rates of PLA single capillary EOPs vs. the natural logarithm of the concentrations for different buffers
(Na2CO3 and NaHCO3 (pH=10.0); Tris-CHES (pH=8.83); PBS (pH=6.6) at different voltages).(A) PLA-FCC EOPs at 100V-1500V
with Na2CO3 and NaHCO3; (B)PLA-BCC EOPs at 100V-1500V with Na2CO3 and NaHCO3;(C) PLA-FCC EOPs at 100V-1500V
with Tris-CHES;(D) PLA-BCC EOPs at 100V-1500V with Tris-CHES; (E) PLA-FCC EOPs at 100V-1500V with PBS; (F) PLA-
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BCC EOPs at 100V-1500V with PBS; (G) PLA-FCC EOPs at -1500V~-100V with Na2CO3 and NaHCO3; (H) PLA-BCC EOPs at 1500V~ -100V with Na2CO3 and NaHCO3;(I) PLA-FCC EOPs at -1500V~ -100V with Tris-CHES; (J) PLA-BCC EOPs at -1500V~
-100V with Tris-CHES; (K) PLA-FCC EOPs at -1500V~ -100V with PBS; (L) PLA-BCC EOPs at -1500V~ -100V with PBS.

4.4.3.5 60s-Flow rates of 3D printed PLA single-capillary EOPs at different pH
The surface charge on a solid can be considered to form as a result of the adsorption of ions from
solutions. The adsorption of ions results from chemical reactions at the surface, when these
reactions occur because of solid surfaces containing ionisable functional groups such as -OH, COOH. Therefore, the surface charge depends on the extent of ionization of these groups, which
in turn depends on the pH of the solution. As a result, the electrolyte pH is another key factor
that affects the velocity of EOF by affecting the surface charge on a solid and zeta potential.
Therefore, it is reasonable to figure out how the pH value of electrolyte with the given bulk ionic
concentration impacts on the flow rates of EOPs.
PLA-FCC single-capillary EOPs have been employed to test the effects of pH values of solution
on flow rates of EOPs after applied for different voltages (±600~±1000 V) in a minute. 5.0 mM
NaNO3 solution was chosen to be the main tested electrolyte and the pH values could be adjusted
using a small amount of NaOH and HNO3 solution (0.5 mM concentration).

Figure 4. 8 The flow rates of PLA-FCC single capillary EOPs vs pH values of solution

It can be observed that the pH of an electrolyte will be a key factor on the flow rate of an EOP.
In Figure 4.8, the flow rates of PLA-FCC EOPs had a significant increase with increasing
solution pH when the same voltage was applied. This occurs because for a given solid surface
(where PLA forms a negatively charged surface because of the presence of ionisable -COOH
function groups) and a given electrolyte concentration (ionic strength), the surface charge and
zeta potential will be intrinsically related to valence as well as pH 109. Since surface charge and
zeta potential are strongly pH dependent, the magnitude of the EOF varies with pH. In this case,
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increasing pH can increase the extent of ionization of groups of PLA with a negatively-charged
surface and further increase the surface charge of PLA and zeta potential, which has a positive
impact on flow rates of EOPs. At high pH, where the carboxyl groups are predominantly
deprotonated, the EOF is significantly greater than at low pH where they become protonated.
Therefore, with the understanding of the effects of pH on the flow rates, the optimized
experimental conditions of EOPs could be set up.

4.4.3.6

The effect of head pressure on flow rates of 3D printed PLA single-

capillary EOPs
Head or back pressure is another factor of EOPs’ properties, especially when EOPs are required
to operate over long times. In order to determine the possible effects of head pressure on EOPs’
flow rates, PLA-FCC and BCC single-capillary EOPs flows were averaged over 3 replicated
measurements over a 15 minutes interval at 600, 800 and 1000 V (shown in Figure 4.9A and
4.9B). This was carried out to determine if the flow rate was impacted by a change in head
pressure as fluid was pumped from one reservoir to the other. Furthermore, during the 15 minutes
duration, the height changes between the delivery and receiving sides were also measured over
a minute at 600, 800 and 1000 V to show the flow movement while the flow rate of EOPs was
calculated.
A

B

Figure 4. 9 The flow rates of deliver and receive sides of PLA single capillary EOPs with different voltage versus tested time. (A)
PLA-FCC; (B) PLA-BCC

The flow rate of PLA-FCC EOPs (shown in Figure 4.9A) was calculated according to the height
change of both sides. The results show that the flow rate of both sides decreased with the testing
time. The flow rate of delivery side at 600 V was from around 0.18 𝜇𝑙/𝑚𝑖𝑛 at the beginning to
0.08 𝜇𝑙/𝑚𝑖𝑛 at the end, while the flow rate of receiving sides was between around 0.08 𝜇𝑙/𝑚𝑖𝑛
and 0.03 𝜇𝑙/𝑚𝑖𝑛. Similarly, the flow rate trends for the PLA-BCC EOPs are shown in Figure
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4.9B.
The difference in the change in height in the glass capillaries for both the delivery and receiving
sides is shown in Figure 4.10 (The total test duration was 15 minutes. The line graph is a
cumulative height change while the bar graph is an instantaneous height change over the 1minute time period). When a driving force of 600 V was applied, the flow movement of the PLA
single-capillary EOPs, shown in Figure 4.10A, 4.10B, 4.10G and 4.10H, differed from delivery
and receiving sides. Ideally, flow in should have equalled flow out. Deviation between the two
sides was noted to result from poor sealing in the delivery side. At 800 V, shown in Figure 4.10C,
4.10G, 4.10I and 4.10J, the flow movement between two sides was different but an improvement
upon the 600 V. The liquid height change of the delivery side remained relatively stable within
each minute, followed by that of the receiving side with a slightly difference (shown in Figure
4.10 C-sample 1-1st/ sample 1-2nd tests and Figure 4.10I-sample 1-1st/ sample 1-2nd tests) or with
a relatively obvious difference (shown in Figure 4.10C-sample1-3rd and Figure 4.10I-sample 13rd tests). This illustrates that when the applied voltage increased to 800 V, the flow movement
in the EOPs became noticeable in terms of the height change for both sides, compared with the
flow situation in 600 V, even though there were leakages arising from the experimental set-up.
When the applied voltage increased to 1000 V, shown in Figure 4.10E, 4.10F, 4.10K and 4.10L,
the height change of the delivery side was equal (shown in Figure 4.10E sample1-1st/2nd/3rd and
Figure 4.10K sample1-2nd tests) or slightly bigger than that of receiving side (shown in Figure
4.10K sample 1-1st/3rd tests). This shows that the flow movement between delivery side and
receiving side kept a relevant balance at the most of situations. Figure 4.10 shows that the height
changes from both sides of the EOP device present that the fluid can be driven smoothly with
extended operation. Deviations between the forward and reverse action of the EOP are likely due
to poor device sealing and leakage. Therefore, it can be seen from the data that the liquid flow
can be pumped smoothly between two sides as long as the experimental set-up was fully sealed.
In summary, PLA-BCC and PLA-FCC single-capillary EOPs were able to be used as the durable
tested fluidic devices without dramatic impact from head pressure, when the EOPs were fully
sealed.
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Figure 4. 10 The height change of deliver side and receive side of PLA single capillary EOPs versus the tested time ( (The total
test duration was 15 minutes. The line graph is a cumulative height change while the bar graph is an instantaneous
height change over the 1-minute time period). (A) PLA-FCC EOPs at 600V in 1-min interval; (B) PLA-FCC EOPs at 600V
over 15mins; (C) PLA-FCC EOPs at 800V in 1-min interval; (D) PLA-FCC EOPs at 800V over 15mins; (E)PLA-FCC EOPs at
1000V in 1-min interval; (F) PLA-FCC EOPs at 1000V over 15mins;(G) PLA-BCC EOPs at 600V in 1-min interval; (H) PLA-BCC
EOPs at 600V over 15mins;(I) PLA-BCC EOPs at 800V in 1-min interval; (J) PLA-BCC EOPs at 800V over 15mins; (K)PLA-BCC
EOPs at 1000V in 1-min interval; (L) PLA-BCC EOPs at 1000V over 15mins;

4.4.3.7 The Joule heating 3D printed PLA single-capillary EOPs
4.4.3.7.1 Joule heating of 3D printed PLA single-capillary EOPs (1-min)

Heat generated by the passage of an electric current through 3D printed capillary structures is
problematic since it may cause problems101, 205, 211-213 (see Section1.2.3 in Chapter 1). Therefore,
joule heating is another key effect on the properties of 3D printed PLA-EOPs requiring
investigation. Considering that the temperature change is determined by the capillary
dimensions, the thermal conductivity of the buffer, and the applied voltage, both 3D printed PLAFCC and PLA-BCC single-capillary EOPs (20 mm in length, see Section 4.4.3.1 and Section
4.4.3.2) EOPs were investigated. The operational temperature was investigated from 400-1000
V at a range of different buffer concentrations (Na2CO3/NaHCO3 1.25 mM, 2.5 mM and 5.0
mM). The buffer solution (Na2CO3/NaHCO3) and the range of applied voltage were chosen here
as the PLA-EOPs were show to be more stable than the buffer solutions (see Section
4.4.3.1~4.4.3.2) and provided a current range that matched the limitations of power supply in
use (±312.5 𝜇𝐴) (see Section 4.4.3.1~4.4.3.2).
B

A

Figure 4. 1119 The temperature difference and the thermal images of PLA-FCC 1-single EOPs at different voltage (400-1000V)
with various concentrations of buffer. Figure 4.11A the temperature curves of PLA-FCC 1-single EOPs with and without voltage
applied. Figure 4.11B the thermal images of PLA-FCC 1-single EOPs.

From Figure 4.11, the temperature of PLA-FCC EOPs upon application of a driving voltage
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increased dramatically reaching a relatively steady rate until the end of experiment. This
temperature shift also decreased rapidly to the ambient temperature once the driving voltage was
removed. It can be seen that the temperature reached a higher when the higher voltage was
supplied as a result of Joule heating (See Chapter 1, Section 1.2.3). The maximum temperature
of 3D printed PLA-FCC EOPs reached was 50.4 °C at 1000 V using a 5 mM buffer, compared
with 27.9°C at 400 V. At applied potentials above 1000 V the PLA EOP capillary structures were
observed to bend and deform due to exceeding the PLA glass transition temperature, Tg. Another
aspect was how the concentration of buffer (or ionic strength) affected the operation temperature
of EOPs. Significantly, at 400V a 0.3°C temperature increase above ambient temperature was
observed for the 1.25 mM buffer, while a 4.5°C temperature increase was observed for 5.0 mM
buffer. PLA-BCC EOPs exhibited a similar variation trends as the PLA-FCC EOPs’. However,
the temperature observed at 1000 V in a 5.0 mM buffer was 40.1 °C and 10°C lower than the
equivalent PLA-FCC EOPs, Figure 4.12. The observed temperature difference was purely due
to the smaller dimensions of the capillary within the BCC EOP with respect to the FCC EOP.
Here the current through BCC structure was lower than FCC EOP, where the observed current
1
4

is proportional to the capillary diameter [i = ƙ𝐸 (𝜋𝑑2 ), 𝑑 is the capillary inner diameter, i is
electric current210]. Therefore, the smaller volume capillary limits the quantity of heat generated.
This also indicated that it could be advantageous to use narrow inner radii capillaries, such as the
single-capillary BCC structures investigated, when the temperature is the key factor that
influences dramatically performance of EOPs. However, it should be noted that in this case the
flow rate of BCC-EOPs with small diameter would be relatively smaller than that of FCC-EOPs.
A

B

Figure 4. 12 The temperature difference and the thermal images of PLA-BCC 1-single EOPs with different voltage (400-1000V)
and various concentrations of buffer. Figure 4.12A the temperature curves of PLA-BCC 1-single EOPs with and without voltage
applied. Figure 4.12B the thermal images of PLA-BCC 1-single EOPs

101

4.4.3.7.2 Joule heating of 3D printed PLA single-capillary EOPs (5-min)

B

A

Figure 4. 13 The temperature of PLA 1-single EOPs generated after applied 600V in 1 minute and 5 minutes. A PLA-FCC EOPs;
B PLA-BCC EOPs.

3D printed PLA-FCC and PLA-BCC single-capillary (20 mm in length) EOPs were also
investigated over extended operation times of 5 minutes to determine the temperature affects
upon the performance of EOP.

For clarity, a single buffer concentration of 2.5 mM

Na2CO3/NaHCO3 at an applied potential of 600 V has been compared at 1 and 5 minute EOP
operation intervals. No significant difference in the maximum temperature that the PLA BCC or
FCC EOPs reached over 1 or 5 minutes of operation, Figure 4.13. As discussed above the BCC
EOP operated at a slightly lower temperature than the FCC EOP as a result of the smaller
capillary areas.

4.4.4

The flow properties characterization of 3D printed PLA multi-capillary

EOPs
4.4.4.1 60s-Flow properties of 3D printed PLA-FCC multi-capillary EOPs
PLA-FCC multi-capillary structures have also been printed and assembled into EOPs. The flow
rates of 3D printed PLA-FCC multi-capillary EOPs of 20 mm in length (see Chapter 4 Section
4.4.3.1~4.4.3.2 for length of effect on the properties) were investigated. Figure 4.14 shows the
current variation in a PLA-FCC EOPs with different numbers of capillaries over a range of
operating voltages. Significantly, the magnitude of the applied potential in each EOP device had
a direct relationship to the maximum current capacity, of the high voltage power supply used in
this study which was limited to ±312 𝜇𝐴 (the limitation of power supply apparatus). This upper
current subsequently restricted the maximum supplied voltages which could be applied to the
PLA-FCC multi-capillary EOPs. For example, the maximum voltage of PLA-FCC 4-capillary
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EOPs could reach was 700 V, while the figure for PLA-FCC 25-capillary EOP was 150 V.
Despite these limitations the multi-capillary EOPs structures exhibited stable device performance
regarding to the stable current at different voltages.
In a similar response trend observed to the single capillary structures, the absolute value of
current in the multi-capillary EOPs increased significantly upon application of the driving
potential and then maintained a relatively steady and narrow range current response over the
period of the EOP operation, Figure 4.14 A-D. The current observed increased at higher voltage,
shown in Figure 4.14A at 700 V or Figure 4.14B at 600 V. It should be noted that the number of
EOP capillaries had an impact on the current of multi-capillary EOPs. From Figure 4.14E, the
current of EOPs per the number of channles was approximately 5.0 𝜇𝐴 for a 4-capillary EOPs
(Total current: 20 𝜇𝐴), while the figure was approximate 6.4 𝜇𝐴 for 25-capillary EOPs (Total
current: 160 𝜇𝐴), at 100V. This means that the higher the number of capillaries in EOPs was, the
higher the current of EOPs reached. Ideally, the current per channel should be similar for multicapillary EOPs with stable performance, but in practice the figure was influenced by the
temperature of EOPs and the size of capillaries and the presence of undesirable bubbles.
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E

Figure 4. 14 The properties of PLA-FCC multi-capillary EOPs (20mm). (A) The current versus the test time of PLA-FCC 4capillary EOPs;(B) The current versus the test time of PLA-FCC 9-capillary EOPs;(C) The current versus the test time of PLA-FCC
16-capillary EOPs;(D) The current versus the test time of PLA-FCC 25-capillary EOPs;(E) The current of PLA-FCC multiplecapillary EOPs at 100V versus time.
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In Figure 4.15, the flow rates of these PLA-FCC multi-capillary EOPs also experienced a
significant increase with increasing voltage, which was similar to the behaviour of the PLA-FCC
single capillary EOPs. It can also be seen that the flow rates of these pumps significantly
increased with an increasing number of the capillaries, when applied with low voltages. The
maximum flow rate for EOPs with 9-capillaries was 2.25𝜇𝑙/𝑚𝑖𝑛, which was approximately
double the figure of 4-capillary EOPs and about four times the figure of single-capillary EOPs,
compared to PDMS-based EOPs with flow rate of 0.305 μl/min at 300V/cm 18 and fused silicabased EOPs with flow rates of 2.9 μl/min at 6 kV 128. For the 16-capillary and 25-capillary EOPs,
high voltages were not able to be tested due to the maximum current limitation of power supply
in use. Another limitation for the PLA-FCC 16-capillary and 25-capillary was an observed
competitive and counteractive siphon effect. This effect was observed when the liquid head
measured in the glass capillary tube on the delivery side decreased during the initial stages of the
test. Upon application of the driving voltage the flow increased. In terms of geometric area, the
total area of 25 capillaries in PLA-FCC EOPs was around 0.271𝜇𝑚2 , which approximately
equals the area of circular capillary with near 300 𝜇𝑚 in radius where the siphon can happen
easily. Additionally, the generation of electrolytically generated bubbles formed due to the higher
currents present in this system had an obvious impact on the rising of level of liquid in both glass
tubes. The relationship between flow rates of these samples and the application of negative
voltage was also investigated and a similar trend noted (shown in Figure 4.15B)
A

B

Figure 4. 15 The flow rates of PLA-FCC EOPs with the different number of capillaries versus applied voltage.

4.4.4.2 60s-Flow properties of 3D printed PLA-BCC multi-capillary EOPs
The flow rates of 3D printed PLA-BCC multi-capillary EOPs with 20 mm in length were also
investigated. Figure 4.16 shows the specific behaviour of PLA-BCC EOPs with the different
number of capillaries. The applied voltages and the number of capillaries directly impacted upon
the observed current (absolute value), and followed similar behaviours observed for the PLA-
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FCC multiple EOPs.
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Figure 4.16 The properties of PLA-BCC multi-capillary EOPs (20 mm). (A) The current versus the test time of PLA-BCC 4capillary EOPs;(B) The current versus the test time of PLA-BCC 9-capillary EOPs;(C) The current versus the test time of PLA-BCC
16-capillary EOPs;(D) The current versus the test time of PLA-BCC 25-capillary EOPs;(E) The current of PLA-BCC multiplecapillary EOPs in 100V versus time.
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The current observed in these multi-capillary BCC-EOPs increased with an increase of voltage
as well as with the increasing number of capillaries. The observed current of the multi-capillary
EOPs at lower voltages was relatively steady and narrow in range. However, at higher applied
potentials the current was significantly higher with a higher degree of fluctuation (shown in
Figure 4.16A at 800 V and Figure 4.16B at 600 V and 800 V). The flow rates observed for the
PLA-BCC EOPs increased with applied voltage (positive and negative) and capillary number,
Figure 4.17, and was consistent with the FCC result. Furthermore, the flow rates that PLA EOPs
achieved were higher than the figure of silicon based EOPs (0.19 𝜇𝑙/𝑚𝑖𝑛)121 and glass-based
EOPs (10-400 nl/min) 119.
B

A

Figure 4.17 The flow rates of PLA-BCC EOPs with the different number of capillaries versus applied voltage.

4.4.5

FDM-3D printed EOPs

After gaining a comprehensive understanding of the functions of FDM-3D printed PLA capillary
structures (Section 4.4.1-4.4.4), the fabrication of a fully functional 3D printed EOP device was
explored in a single printing process. 3D printed PLA EOP devices were manufactured by
controlling the FDM print configurations to produce capillary structures based on FCC filament
arrangements and reservoirs, see Figure 4.18.
According to the Figure 4.18B, reservoir 1, reservoir 2 and FCC-capillary structure s (yellowhighlighted) were printed in a single printing process. The joints between reservoirs and capillary
structures were connected without any gaps or disconnects observed. After assembling these
components together, the flow rates of fully printed EOPs with a 20 mm capillary length were
investigated over a 60 second period using 1.25 mM Na2CO3/NaHCO3 buffer and an applied
alternate DC voltage within the range of ±200 to ±800 V. These conditions were chosen due to
EOPs having a steady performance under these experimental conditions (see section
4.4.3~4.4.4). Figure 4.19A shows the current variation in a FDM printed PLA-FCC EOP device
over a range of operating voltages. The observed current of a 3D printed PLA EOPs experienced
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a significant rise with increasing voltage, in a behaviour similar to the 3D printed PLA-FCC
and/or BCC single capillary EOPs (see section 4.4.3.1~4.4.3.3). Figure 19B shows the
dependence of the volume flow rate of the EOPs on the applied voltage. The flow rate of PLABCC EOPs increased with increasing applied voltage, and followed similar behaviours observed
for the PLA-FCC/BCC single capillary EOPs.
B1

A

Lid 1
Reservoirs 1

B2

Lid 2
Reservoirs 2

3DP capillary structures

B3

B4

Figure 4. 18 FDM-3D printed PLA-EOPs. (A) FDM printed EOPs consisted in 2 reservoirs, FCC-capillary structure,
2 SLA- printed lids and 4 glass tubes. (B)Micro CT characterized PLA-EOP devices and structures. (B1) Top view of
printed PLA-EOP; (B2) Front view of Reservoir 1-Capillary joint; (B3) The cross-section view of reservoir and
capillary structure;(B4) The cross-section view of capillary structure.

A

B

Figure 4.19 The flow properties of FDM 3D printed PLA EOPs. (A) The observed current of PLA EOPs;(B) The flow
rate of PLA EOPs.

Overall, it can be seen that FDM-3D printed EOP devices were successfully fabricated in a single
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printing process and had a stable flow performance.

4.5

Conclusions

In this chapter, 3D-printed PLA capillary structures based on face-center-cubic (FCC) and bodycenter-cubic (BCC) extruded filaments arrangement were successfully fabricated by controlling
the print configurations to produce capillary structures using FDM-3D printers. The dimensions
of 3D-printed FCC and BCC capillaries were around 150-190 𝜇𝑚 and 90-160 𝜇𝑚, respectively,
which were significantly smaller than the reported figure (over 300 𝜇𝑚, Chapter 1, Section1.4.3)
for microchannels using FDM techniques. The approach taken here was a negative space printing
which deliberately aimed to manufacture microchannels not otherwise printable using a more
typical direct FDM printing approach. The printed FCC and BCC capillary structures were
capable of high-pressure flow without any leakages under 1500 psi at 6.5 ml/min pump flow
(shown in Section 4.4.2). The printed capillary structures were integrated conveniently into DC
driven 3D-printed PLA capillary EOPs which were tested under different experimental
conditions to determine operational parameters (shown in Section 4.4.3). The maximum flow
rate of single capillary EOPs was observed to reach 1.0 𝜇𝑙/𝑚𝑖𝑛 at fields of up to 750 V/cm. Test
results show that the flow rates of EOPs were directly related to the geometry of capillaries, the
applied voltage, as well as the properties of electrolyte. The effect of capillary’s geometry shows
that the flow rates were influenced negatively by the length of capillary but positively by the
cross-sectional area of capillary (shown in Section 4.4.3.1~4.4.3.2). At the same applied voltage
and electrolyte composition, the flow rates of the PLA-FCC and BCC capillary EOPs of 40 mm
in length were lower than the 20 mm and 10 mm configurations. However, for the given length,
the flow rates of PLA-FCC EOPs were larger than that of BCC EOPs due to the larger capillary
cross-sectional area. The magnitude of the applied voltage also had a significantly positive
impact on the flow rates of EOPs. The flow rates of PLA-EOPs had a linear relationship with
voltage, which matched theory (see Chapter 1). Key electrolyte properties such as ionic strength
and pH dramatically influenced the flow rates of EOPs. The flow rates of the PLA-EOPs
increased with a decrease in buffer concentrations (shown in Section 4.4.3.4) and with an
increase of pH (shown in Section 4.4.3.5). Ionic strength and pH affect the velocity of EOF by
modifying the surface charge on a solid and zeta potential. Other competitive factors such as
head pressure and Joule heating were also investigated. Head pressure experienced during the
initial EOPs set-up had a minor influence on the initial flow rate of the EOPs (shown in Section
4.4.3.6). However, Joule heating dramatically affected the flow rates by affecting the viscosity
of electrolytes (shown in Section 4.4.3.7). Electrolytic bubbles generation was another negative
impact on the flow rate of EOPs and principally caused flow fluctuation and current spiking when
passing into a printed EOP capillary. Additionally, due to the relatively low flow rates of singlecapillary EOPs at low voltage, increasing the number of capillaries boosted the flow rate of EOPs
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(shown in Section 4.4.4). Finally, a more complex 3D printed EOPs devices were printed in a
single printing process and exhibited a steady performance (shown in Section 4.4.5). Overall, the
concept of generating FDM-3D printed FCC and BCC capillary structures for EOPs was shown
to be feasible and reproducible.
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5

3D Printed TPU Electroosmotic Pumps

Abstract
This body of work is focused on the development of novel flexible electroosmotic pumping
structures and configurations for incorporation into microfluidic systems by a simple 3D printed
architecture. 3D printing provides microfluidic devices with materials and possibilities that can
contribute to the current methods for fluid movement. Here, a fused deposition modelling (FDM)
technique, one of the simplest and cost-effective forms of 3D printing technology, has been
employed to fabricate capillary structures using low cost thermoplastics and subsequently
investigated as a scalable electroosmotic pump. This work further explored the FDM-3D printing
technique to fabricate capillary structures based on face-centre cubic and body-centre cubic
filament arrangements using flexible thermoplastic polyurethane (TPU). These 3D printed
capillary structures possessed high pressure resistance and flexibility, and were demonstrated to
be as key parts of electroosmotic pumps (EOPs) where the maximum flow rate of single capillary
EOPs were observed to reach 1.25 𝜇𝑙/𝑚𝑖𝑛 at field of up to 750 V/cm. This flow was increased
via the development of parallel (multiplexed) capillary arrays formed as a consequence of the
3D printed structure.

Introduction
Three-dimensional (3D) printing

134-135

has received more and more attention and shown the

potential to fabricate micro-scale structures and microfluidic devices11 opening up new areas of
application, as it offers a broader range of materials and possibilities to quickly and accurately
fabricate structures with complex 3D features, over a wide range of sizes, from sub-micrometer
to several meters14-15. Significantly, the FDM technique offers a number of process parameters83,
159

(such as printed temperature, nozzles diameters, air gap and slice heights etc.), to allow the

operators to make devices, from a wide range of materials, ranging from solid to porous
structures with different strength, surface quality, positional accuracy (normal ranges: 0.05 to 0.5
mm) and mechanical properties. Another notable advantage of FDM technique is that it can
enable almost all types of thermoplastic polymers97, 214-215 in the form of a spooled filament, such
as acrylonitrile butadiene styrene (ABS)159, 164-165, 216-217, poly lactic acid (PLA)14, 165-166, 216-218,
polypropylene (PP)168, polyethylene terephthalate (PET)

171, 174

, poly(methyl methacrylate)

(PMMA)196 polystyrene (PS), polycarbonate (PC), polycarpolactone (PCL), composited
materials (such as carbon-black/PCL nanocomposite15 or carbon nanotube–polymer
composites178), even recyclable lightweight liquid-crystal-polymer193 to manufacture 3D
structures with freeform features170. The significant advantages mentioned above make FDM
technique an attractive choice to fabricate objects for microfluidic applications.
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Thermoplastic polyurethane (TPU) materials are known to have exceptional flexibility, excellent
impact properties and abrasion resistance219 and therefore have been used within FDM printing
to create flexible and robust 3D printed parts even 4D printed samples which can be used as
energy storages220-221, sensors222-223. TPU’s have potential applications in wearable electronics,
soft robotics, and prosthetics, where complex design, multi-directionality, and customizability
are demanded. For example, 3D printed thermoplastic polyurethane hexagonal arrays
honeycombs have been made for repeated tailored energy absorption220-221. FDM-3D printed soft
pneumatic actuators with complex inner geometry and high degree of freedom have been made
and used as a part of a soft gripper that was able to grasp and lift heavy objects with high pay-toweight ratio224. Robust thermoplastic polyurethane hydrogel-elastomer trilayers have been
printed using commercial desktop FDM printers225. FDM-3D printed multiaxial force sensors
without additional assembly or integration processes have been made using carbon
nanotube/thermoplastic polyurethane nanocomposite filaments to detect the sub-millimetre scale
deflection and its corresponding force on each axis222. Another applied aspect of TPU is its
biocompatibility which can be used for in medical devices and for bone replacement and
drug/gene delivery. For example, 3D printed thermoplastic polyurethanes samples for high drug
loaded dosage forms have been developed to contain a high concentration of crystalline drug (up
to 60%, w/w)

169

. However, TPU as a alternative to PDMS as printed microfluidic devices has

not received sufficient attention.
In the most microfluidic systems, micropumps with two or three-dimensional microchannels, are
responsible for generating, pumping, controlling and manipulating temporal and volumetric fluid
movement on-chip. Electroosmotic micropumps, as a kind of active micropumps, normally
consist of microchannels with electrodes submerged in fluid reservoirs at either end. A detailed
summary of the operation of EOP systems can be found in Chapter 1, Section 1.2.2~1.2.3.
Micro-channels or membranes within microfluidic devices have been made by conventional
preparation methods such as soft-lithography, photomask and etching. In recent years,
microfluidic devices with different microfluidic functionality have been fabricated by 3D
printing11, 73, 83, 141. For example, 3D-printed microfluidic valves and pumps using a SLA 3D
printer with clear biocompatible resin have been developed by Au et al 73. A Y-junction
microfluidic device has been made using three printing techniques (FDM, polyjet and DLP-SLA)
to compare the device’s properties, thereby providing researchers a guidance of the selection of
the 3D printing technology to make devices141. FDM-3D printed transparent, flexible, and
biocompatible TPU microfluidic devices with channel dimensions as small as 40 µm were
demonstrated using 250 𝜇m diameter nozzle by Gale’s group226. As a result, the role of 3D
printing in the fabrication of microfluidics has gradually heightened because of the
unprecedented opportunities that 3D printing can provide. Particularly, 3D printing has shown
its unique advantages on fabricating microchannels, thereby providing researchers with more
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opportunities to make microfluidics including pumps and valves. Therefore, considering the
flexibility and 3D printability of TPU, the aim of this chapter was to explore the possibility of
3D printed flexible TPU EOPs which could open up new application areas such as flexible
devices and potentially wearable devices. In addition, TPU-EOPs could open up allowing
structures to be simply printed onto a flat substrate and subsequently positioned to conform to
other geometry without affecting their operation. Importantly with the current state-of-the-art 3axis printers would be unable to print a conformal capillary and retain open capillaries.
FDM approach has been adapted to make microchannels or microfluidics with low resolution
using regular nozzles (400 𝜇𝑚 in diameter), however, FDM-3D printed TPU electroosmotic
pumps (EOPs) with micro-channels of 80 -200 𝜇𝑚 in dimension have not been reported so far,
providing an unique opportunity to explore the flexible electroosmotic pumps (EOPs). In this
work FDM-3D printing technique has been developed to fabricate capillary structures based on
face centre cubic (FCC) and body centre cubic (BCC) filament arrangements using TPU (The
schematic diagram is shown in Chapter 1 Section1.5). The TPU was chosen here as it had good
print reproducibility and significant flexibility and was readily available as a ready-to-use
material for device fabrication. These printed capillary structures have been able to be assembled
as key parts of DC driven EOPs. The flow properties of TPU-EOPs were investigated under
different experimental conditions.

Experimental methods
5.3.1

3D-printing setup

A FDM printer (Me-3D), based on the RepRap open hardware project, was used to print capillary
structures in this work. A detailed summary of the 3D printing setup can be found in Chapter 2,
Section 2.1 and the image of setup is shown in Figure 1. 5 in Section 1.5 in Chapter 1.

5.3.2

3D-printing capillary samples preparation

The single capillary TPU (Polymaker, PolyFlexTM 1.75 mm), samples based on FCC and BCC
structures were optimised by adjusting operational parameters (such as printing temperature (T),
x, y, z position, feed-rate (F) and the extruded amount (E)). Importantly, the distance between
the nozzle and the bed surface was a crucial parameter for the printer; if too large the molten
filament does not adhere to the bed well and if too small extrusion would be impeded. Table 5.1
shows the optimal preparation parameters of FCC and BCC structures for TPU samples.
Material
TPU

Structure
FCC
BCC

T(°C)
210-220

F(mm/min)
1000-1200

E(mm)
5-6

X(mm)/shift
0.4

Z(mm)/shift
0.3

1000-1200

5-6

0.4

0.3

Table 5.1 The optimal printing parameters of FDM-3D printed TPU capillary structures

Extrusion temperature significantly affects printing results through affecting the solidification of
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TPU materials after being extruded from the nozzle. If lower than 210 °C the extruded filaments
could not attach to the printing base; if higher than 220 °C, the degraded with the TPU becoming
brown to dark brown in colour. Secondly, Feed rate (F) and the extruded amount of materials
(E) had a direct impact on the printed capillary by affecting the size of extruded filaments. If the
F setting was lower or E was larger (at a constant x and y setting, as shown in Table 5.1), the
dimension of these extruded filaments were relatively larger such that the size of capillary was
reduced through being squeezed by the larger printed filaments. A further impact on the extruded
filaments were that they would not solidify well with each other such that with tiny gaps formed
between in the printed capillary, which was inappropriate for flow movement. Finally, the x and
y values were important for adjusting the size of capillary. If x and y setting values are bigger
than shown in Table 5.1, a larger capillary size resulted which increased the risk of leakages; if
too small the capillary size would be smaller resulting in squeezing the extruded filaments
causing smaller capillaries, offsets from the print design and potentially capillary blockages. 3D
printed capillary structures properties characterization
An optical microscope (Leica M205A) and a Micro/Nano X-ray Computed Tomography (Micro
XCT-400, Australian National Fabrication Facility, SA Node) were employed to measure the
cross-sectional and the dimensions of capillary structures. The maximum pressures these
specimens could withstand before leaking were measured when connected with pump of HPLC
(Shimadzu).

5.3.3

3D printed capillary electro-osmotic pumps (EOPs) package and their

properties characterization
A schematic overview of the experimental setup for EO pumps is shown in Figure 2.1 (Chapter
2 Section 2.4). The EO pumps design consisted of two reservoirs, the 3DP-capillary structures
and glass capillary tubes. The EOPs flow rates were calculated by measuring the change in head
height (volume) in the glass capillary tubes and dividing by the change in time. With each flowrate experiment, the 3D printed TPU capillary sample was filled by pressurized injection of
electrolyte to ensure complete removal of air blockages within the 3D printed TPU channel. TPU
capillary EOPs were tested at arrange of applied fields up to 1500 V using a LabSmith HVS448
High Voltage Sequencer.

5.3.4

Chemicals

All solutions were made with deionized water (18.3 MΩ; Millipore, Bedford, MA) and filtered
with a 0.22 𝜇𝑚 nitrocellulose membrane filter (Fisher Scientific, Fairlawn, NJ). All buffer
solutions were made by the same methods as the solutions used for PLA-EOPs tests in Chapter
4, Section 4.3.4.
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Results and discussion
5.4.1
The morphology characterization of 3D printed TPU single capillary
structures
TPU capillary structures based on face centre cubic (FCC) and body centre cubic (BCC) filament
arrangements have been investigated. Custom G-code languages for two configurations of
capillary structures (shown in Figure 5.1) firstly were modified to control the operation of FDM
printer to produce a desire outcome. The resultant prints were characterized by Micro CT, Figure
5.1, and show that the designed capillary structures were successfully formed, although subtle
differences exist between the print design and outcome such as capillary number, distribution,
shape and dimensions.
The resultant micro-channels (capillaries) of FCC structures were observed to be well-distributed
with irregular quadrangle cross-sectional shapes, which was within reasonable fidelity to the
schematic design. The micro-channels of BCC structures were not as well distributed with two
sizes of triangular capillary noted with respect to the print design. Although the number of
capillaries in BCC samples was similar to the print design, the smaller capillaries in the BBC
printed structures were likely to have collapsed as a result of the filament slumping processes
during printing. In Figure 5.1 it was evident that deviation from the circular filament print design
was a result of a cross-sectional slump towards a more elliptical format. This has a direct impact
on the form of capillary structures, particularly for the BCC structures which have relatively
smaller capillaries.
The structural data for printed TPU samples are shown in Table 5.2. The widths and heights of
printed capillaries in FCC structures ranged from 148-183 µ𝑚. The average capillary area of
TPU-FCC 1- capillary sample was close to the figure of TPU-FCC 25-capillary sample. The
overall area of TPU-FCC 25-capillary sample was 3.93 × 106 µm2, approximately 10 times the
figure of TPU-FCC single capillary sample. For TPU-BCC samples, the dimensions of printed
capillaries in BCC capillary structures ranged from 83-168 µm. The calculated number of
capillaries in BCC samples in the print design model was 4 and 36, respectively, while the final
observed number of capillaries was 1 and 15, Figure 5.1 C-D & G-H respectively. The average
capillary area of TPU-BCC 1- capillary sample was 8.6 × 103 µm2, only 3 × 103 µm2 more than
the TPU-BCC 15-capillary sample. The overall area of TPU-BCC 15-capillary sample was 2.92
× 106 µm2, and close to 5 times for the TPU-BCC single capillary sample.
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(A)TPU-FCC 1-capillary printed structure

(B)TPU-FCC 1-capillary designed structure

(C)TPU-BCC 1-capillary printed structure

(D) TPU-BCC 1-capillary designed structure

(E) TPU-FCC multi-capillary printed structure

(F) TPU-FCC multi-capillary designed structure

(G)TPU-BCC multi-capillary printed structure

(H)TPU-BCC multi-capillary designed structure

Figure 5.1 The cross-sectional views of 3D printed TPU capillary structures. (A)TPU-FCC 1-capillar printed structure (B) TPUFCC 1-capillar designed structure (C) TPU-BCC single capillary printed structure (D) TPU-BCC single capillary designed structure
(E) TPU-FCC multi-capillary printed structure (F) TPU-FCC multi-capillary designed structure (G) TPU-BCC multi-capillary
printed structure (H) TPU-BCC multi-capillary designed structure
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Table 5.2 The dimensions of 3D printed TPU FCC and BCC capillary structures (shown in Figure 5.1, Theoretical values of
designed structures are shown in Table 3.1 and 3.2.)
Material-structure
Number of capillaries
FCC/BCC overall area (µm2)
Capillary average area (µm2)
Capillary overall area (µm2)
A holes/ A structure ratio
Capillary width (µm)
Capillary height (µm)

5.4.2

TPU-FCC
1
25
(4.06±0.46) x105
3.93 x106
(1.16± 0.08) x104 (1.23±0.23 ) x104
(1.16± 0.08) x104
3.08 x105
3.17%
7.83%
183±13
195±18
161±20
148±20

TPU-BCC
1
15
(5.92±0.43) x105
2.92 x106
(8.62±0.92 x103 (5.14±2.59) x103
(8.62±0.92 x103
7.71 x104
1.45%
2.64%
166±8
112±28
121±4
83±17

The pressure resistance properties characterization of 3D printed

capillary structures
After 3D printing TPU capillary structures based on FCC and BCC configurations, the properties
of these devices have been investigated to gain an understanding on how resultant microchannels
can be used electroosmotic fluid movement.

5.4.2.1 The pressure resistance measurement of 3D printed TPU single capillary
structures before and after knotting.

Figure 5.2 The relationship between the pressure values of 3D printed TPU-FCC/BCC single capillary structures before and after
knotting into figure 8 shape

In order to characterise the adhesions between sequentially extruded filaments to form capillary
channels and the impact of shape of capillary on the flow, pressure leak tests on the 3D printed
TPU-FCC and TPU-BCC single capillary samples (approximately 100 mm in length) were made.
The flexible capillary structures were glued into a HPLC ferrule fitting (Shimadzu) and an
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increasing amount of water was pumped through them in a linear and looped configuration. The
back pressure required driving the water though capillary was monitored. Figure 5.2 shows the
pressure of capillary structures before and after knotting with respect to pump flow and pressure.
It can be seen from Figure 5.2 that TPU single capillary structures were capable of sustaining
high flowrates and pressures indicative of good filament inter-layer adhesion. The pressure
responses of the FCC and BCC structures before and after knotting experienced significant linear
increases up to 5.0 ml/min. The shape changes of capillaries upon knotting had a minor impact
on the liquid flow.

5.4.2.2 The pressure measurement of 3D printed TPU multi-capillary structures
before and after knotting.

Figure 5.3 The relationship between the pressure values of 3D printed TPU-FCC 4-capilalry and TPU-BCC 3-capillary structures
before and after knotting into figure 8 shape

The flow pressure relationship in 3D printed TPU-BCC 3-capillary and FCC 4-capillary
structures (100 mm in length) were made to determine the capillary integrity both before and
after knotting, Figure 5.3. TPU-BCC 3-capillary structures before and after knotting were the
same during the tests and increased linearly up to near 700 psi at 5.0 ml/min. The maximum
pressure held by the TPU-FCC 4-capillary samples, before and after knotting reached about 150
psi system without leakage. There was no noticeable change to the capillaries after bending. This
illustrates that the multi-capillary devices could withstand high pressure and had no apparent
leakages. For both multi-capillary structures, the observed maximum pressure was 100 psi lower
than their related single capillary format. The pressure difference was likely to have arisen from
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differences in geometric area as a result of the printing processes between single and multicapillary devices.

5.4.3

The flow properties of 3D printed TPU single capillary EOPs

After confirming that the TPU capillary structures were leak free, they were tested as a potential
EOP.

5.4.3.1 60s-Flow properties of 3D printed TPU-FCC single capillary EOPs
Considering that PLA-FCC capillary EOPs operated successfully (Chapter 4), 3D printed TPUFCC single capillary EOPs were also tested over a 60 seconds using an applied alternate DC
voltage with a range of ±200 to ±1500 V at capillary lengths of 10 mm, 20 mm and 40 mm in
length using 5.0 mM Na2CO3/NaHCO3 as the buffer. In Figure 5.4A, 5.4B and 5.4C, the current
(absolute values) of samples with various lengths rose rapidly at the beginning of every test, after
which the values ascended slowly to maintain a constant during the rest of testing time at an
applied voltage between 200 and 600 V. At higher potentials fluctuation in current was observed.
The observed current values (absolute value) of TPU-FCC single capillary EOPs descended as
the length of samples ascended. For example, at 800 V the range of tested current value of 10mmEOPs ranged between 25-225 𝜇𝐴, whereas for 20mm-EOPs 18- 80 𝜇𝐴 currents were observed
and for the 40mm-EOPs 10-40 𝜇𝐴. This current trend was determined by the capillary geometry
[I=(κ×E×A)/L] (where A is the area of capillary; L is the length of capillary34). An advantage
of lower current which minimised local (resistive) heating and creates a more stable behaviour
(shown in Figure 5.4C). This illustrates that the length of samples impacted directly on the tested
current of TPU-FCC EOPs, which providing users with more opportunities to choose suitable
samples in terms of different experimental conditions.
The volume flow rate of these TPU-FCC EOPs was calculated by measuring the changes in
height liquid head in micro capillary glass tubes. Figure 5.4D shows the dependence of the
volume flow rates on the voltage applied over these capillary EOPs with different lengths. The
flow rates of TPU-FCC 10mm-EOPs, 20mm-EOPs and 40mm-EOPs increased significantly to
the maximum values (approximately 0.9, 0.8 and 1.0 μl/min, respectively,) with an increasing
applied voltage (200-1500 V). However, 40mm-EOPs’ flow rates had a relatively stable growth,
compared with the fluctuated growth of 10mm-EOPs and 20mm-EOPs. The similar trends of
flow rates of TPU-FCC 1- capillary EOPs can also be observed at negative voltage. It should be
noted that increasing applied voltage increased the flow rates of TPU-FCC EOPs which was
similar to the trends of PLA EOPs, however, the effects of the length of capillaries on the flow
rates of TPU-FCC EOPs were not obviously observed, which was different from the PLA EOPs
(The shorter the length of capillaries was, the higher the flow rate was).
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Figure 5.4 The properties of TPU-FCC single capillary EOPs (A) The current versus test time of TPU-FCC EOPs (10mm). (B)
The current versus test time of TPU-FCC EOPs (20mm). (C) The current versus the test time of TPU-FCC EOPs (40mm). (D) The
flow rates of TPU-FCC EOPs with various lengths versus the applied positive voltage.

5.4.3.2 300s-Flow properties of 3D printed TPU-FCC single capillary EOPs.
To gain more information about the performance of 3D printed TPU-FCC single capillary EOPs
over a longer testing time, printed capillary EOPs with different lengths were tested at different
voltages (±600~±1500 V) over 300 seconds. TPU-FCC single-capillary EOPs had a steady
performance with respect to current at low voltage (±200 to ±400 V, shown in Figure 5.4A-C),
so only higher potentials were investigated. Figure 5.5 shows the current and flow rates of TPUFCC single capillary EOPs with 10 mm, 20 mm and 40 mm over ±600 V~±1500 V over 300 s
using 5.0mM Na2CO3/NaHCO3.
The flow properties of TPU-FCC 10mm-EOPs over ±600~±1500 V exhibited a completely nonuniform current response in every 300s-test. The flow properties of TPU-FCC 20mm-EOPs
showed a different trend to the 10mm-EOPs in terms of the current response, remaining steady
over ±600 to ±1000 V. Flow properties of 20mm-EOPs could not be measured due to the fact
that the currents at ±1200~±1500 V being beyond the limits of the power supply. In the samples
with 40mm lengths, the EOPs exhibited steady performance over ±600 V and presented the
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uniform and symmetric current curves, holding steady at 25 𝜇𝐴 (shown in Figure 5.5M).
However, the flow performance of 40mm-EOPs was influenced remarkably by the voltages
over ±800~±1500 V which was reflected by non-flat current curves (shown in Figure 5.5L ~
5.5O). Therefore, the longer the length of samples was the more stable the flow properties of
samples were. The lower the applied voltage was the more stable the flow properties of EOPs.
From Figure 5.5S, the current values of TPU-FCC single capillary EOPs with 20 mm and 40 mm
in lengths could maintain constant current response (65 𝜇𝐴 and 25 𝜇𝐴, respectively) when the
applied voltage was 600 V. However, the current of TPU-FCC samples with 10 mm in length
had a dramatic increase to 160 𝜇𝐴, then dropped rapidly to 50 𝜇𝐴 and kept a continuously slight
decrease to 30 𝜇𝐴 until the end. The flow rates observed for TPU-FCC EOPs with 20 mm in
length over 300 s was highest, 0.55 𝜇𝑙/𝑚𝑖𝑛 which was approximately 0.13 𝜇𝑙/𝑚𝑖𝑛 higher than
the 10mm-EOPs and about 0.2 𝜇𝑙/𝑚𝑖𝑛 than the 40 mm-EOPs. Therefore, TPU-FCC single
capillary EOPs were able to operate stably when the supplied voltage was 600V.
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Figure 5.5 The flow properties of TPU-FCC single capillary EOPs with different lengths at ±600𝑉~ ± 1500𝑉 over 300s. A: TPU-FCC-10mm±600V-300s; B: TPU-FCC-10mm±800V-300s; C: TPU-FCC10mm±1000V-300s; D: TPU-FCC-10mm±1200V-300s; E: TPU-FCC-10mm±1500V-300s; F: The flow rate of TPU-FCC 10mm EOPs over 300s versus applied voltages; G: TPU-FCC-20mm±600V300s;H:TPU-FCC-20mm±800V-300s; I:TPU-FCC-20mm±1000V-300s; J: TPU-FCC-20mm±1200V-300s; K:TPU-FCC-20mm±1500V-300s; L: The flow rate of TPU-FCC 20mm EOPs over 300s versus
applied voltages; M:TPU-FCC-40mm±600V-300s; N: TPU-FCC-40mm±800V-300s; O: TPU-FCC-40mm±1000V-300s;P: TPU-FCC-40mm±1200V-300s;Q: TPU-FCC-40mm±1500V-300s;R: The flow rate
of TPU-FCC 40mm EOPs over 300s versus applied voltages; S: The flow properties of TPU-FCC single capillary EOPs with different lengths at 600V over300s
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5.4.3.3 60s-Flow properties of 3D printed TPU-BCC single capillary EOPs
According to the properties of TPU capillary structures that investigated in Section 5.4.2, TPUBCC single capillary structures are also considered as the key components of EOPs for fluid
movement as TPU-FCC samples.
3D printed TPU-BCC single capillary EOPs were tested under the same experimental conditions
as the TPU-FCC single capillary EOPs (shown in Section 5.4.3.1). The Figure 5.6A-C show that
the information about the tested time, the applied voltage and the tested current of TPU-BCC
EOPs with 10 mm, 20 mm and 40 mm in length. The measured current of 3D printed TPU-BCC
EOPs all had a significant rise with an increasing of voltage, in a behaviour similar to the 3D
printed TPU-FCC EOPs.

Figure 5.6 The properties of TPU-BCC single capillary EOPs (A) The current versus test time of TPU-BCC EOPs (10mm). (B)
The current versus test time of TPU-BCC EOPs (20mm).(C) The current versus test time of TPU-BCC EOPs (40mm).(D) The flow
rates of TPU-BCC EOPs with various length versus the applied positive voltage

In Figure 5.6A, the current (absolute value) for TPU-BCC EOPs with 10 mm in length increased
at the start of each and then plateaued until the end of test from 200 V to 400 V (absolute value).
Above this applied voltage, the current (absolute value) inclined rapidly at the beginning of tests,
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followed by a fast decline. When the applied voltage was 1500 V, the current experienced
unstable fluctuations. The maximum absolute value of current for EOPs achieved was 200 𝜇𝐴 at
1500 V, while the minimum value was about 20 𝜇𝐴. The maximum current value of TPU-BCC
EOPs with 20 mm lengths was around 300 𝜇𝐴 at 1500 V, and nearly double this for 40mm length
samples. It should be noticed that the current (absolute value) through TPU-BCC single capillary
descended with an ascending length of samples, in a similar tendency of TPU-FCC single
capillary EOPs.
From Figure 5.6D, the flow rate of TPU-BCC EOPs increased significantly with the increase of
applied voltage. The flow rates of TPU-BCC single capillary EOPs with 10 mm in length rose to
maximum value (approximate 0.5 𝜇𝑙/𝑚𝑖𝑛, compared with 20 mm and 40 mm EOPs) at 800 V,
with a slight increase to 0.75 𝜇𝑙/𝑚𝑖𝑛 from 1200 to 1500 V. However, the flow rates of 40mmEOPs and 20mm-EOPs increased directly to maximum values with an increasing applied voltage
(200-1500V). The highest flow rate for TPU-BCC 20mm-EOPs samples appeared near 1.5
𝜇𝑙/𝑚𝑖𝑛 over 1500 V, 0.2 𝜇𝑙/𝑚𝑖𝑛 more than the figure of 40mm-EOPs and near double the figure
of 10mm-samples. Furthermore, the flow rate for TPU-BCC EOPs at 1500V was higher than the
figure of PLA-BCC EOPs, when the length of capillaries was the same. The relationship between
the flow rates of these samples and the application of negative voltage was also investigated and
presented a similar change trend. In summary, TPU-BCC single capillary EOPs with different
lengths have shown relatively steady performance when tested over 60 seconds. The flow rates
of these pumps increased with increasing applied voltages and were influenced by the length of
EOP capillary.

5.4.3.4 300s-Flow properties of 3D printed TPU-BCC single capillary EOPs
In order to show if TPU-BCC EOPs had a constant performance over longer testing times, the
flow properties of TPU-BCC single capillary EOPs with various lengths were tested 5.0 mM
Na2CO3/NaHCO3 over a range of different voltages. Figure 5.7 shows the flow properties of
TPU-BCC single capillary EOPs with 10 mm, 20 mm and 40 mm over ±600 ~ ± 1500 V over
300 s. Here, the extra voltage (±200 ~ ± 400 V) was not applied due to the stable performance
of the TPU-BCC EOPs (in Figure 5.6)
The flow properties of TPU-BCC single capillary EOPs with 10 mm in length remained steady
and showed the relatively uniform and symmetric current curves at potentials up to ±600 V
(Figure 5.7A). However, the flow properties could not be determined at ±800 V ~ ±1500 V as
the resultant current was beyond the power supply capabilities (Figure 5.7B to Figure 5.7E). The
flow properties of TPU-BCC 20mm-EOPs remained steady in the ±600 V to ±1200 V range
(Figure 5.7G ~5.7J), but experienced instability at ±1500 V (Figure 5.7K). The flow rate of
20mm-EOPs ascended to a maximum up to 1000 V, but descended when above 1000 V, Figure
5.7L. Samples of 40mm length exhibited a similar trend as the 20mm-EOPs, with steady
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performance in ±600~±1000 V range and becoming unstable from ±1200~±1500 V Figure 5.7MQ. The flow rate of 40mm-EOPs increased up to 1500 V with minor fluctuations above at 1000
V. Therefore, it can be seen from Figure 5.7 that both the length of capillary and the voltage
applied along the capillary impact directly on the current and flow properties of EOPs.
Significantly, both the use of the longer capillary length and the application of lower voltages
resulted in a more stable current flow and subsequently EOPs performance. Figure 5.7S
illustrates TPU-BCC single-capillary EOPs of 10 mm, 20 mm and 40 mm lengths at 600 V over
300 s. The observed behaviour was similar to the TPU-FCC single capillary EOPs in terms of
current, as discussed in Section 5.4.3.2.
In summary, TPU-BCC single capillary EOPs presented steady flow pumping performance at
low voltages and with longer capillary length over extended operation times.
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Figure 5.7 The flow properties of TPU-BCC single capillary EOPs with different lengths at ±600𝑉~ ± 1500𝑉 over 300s. A: TPU-BCC-10mm±600V-300s; B: TPU-BCC-10mm±800V-300s; C: TPU-BCC10mm±1000V-300s; D: TPU-BCC-10mm±1200V-300s; E: TPU-BCC-10mm±1500V-300s; F: The flow rate of TPU-BCC 10mm EOPs over 300s versus applied voltages; G: TPU-BCC-20mm±600V-300s;
H:TPU-BCC-20mm±800V-300s; I:TPU-BCC-20mm±1000V-300s; J: TPU-BCC-20mm±1200V-300s; K:TPU-BCC-20mm±1500V-300s; L: The flow rate of TPU-BCC 20mm EOPs over 300s versus applied
voltages; M:TPU-BCC-40mm±600V-300s; N: TPU-BCC-40mm±800V-300s; O: TPU-BCC-40mm±1000V-300s;P: TPU-BCC-40mm±1200V-300s;Q: TPU-BCC-40mm±1500V-300s;R: The flow rate of TPUBCC 40mm EOPs over 300s versus applied voltages; S: The flow properties of TPU-BCC single capillary EOPs with different lengths at 600V over300s
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5.4.3.5 Discussion on TPU-FCC and TPU-BCC single capillary EOPs flow
performance
In section 5.4.3.3 and 5.4.3.4, TPU-FCC and TPU-BCC single capillary EOPs under different
experimental conditions such as voltage, samples length, and the operation time were
investigated. As discussed in Chapter 2, the current of EOPs directly reflects how EOPs operate
under various experimental conditions, therefore the current can be considered as the important
indicator for the operation of EOPs.
In Figure 5.4 to 5.7, it can be clearly seen that the resultant device current had an obvious
fluctuation when the higher voltages (such as 1500 V) were applied to the capillaries over 60 s
or 300 s. Two main factors are responsible for these dramatic changes of current of TPU single
capillary EOPs at higher potentials. One main factor was the generation of electrolysis bubbles
became more significant at high voltages with increasing testing times. At these potentials
bubbles were randomly dragged into capillaries resulting in blockages, especially when the
lengths of capillaries were short, and the cross-sectional area of capillaries were large. For this
reason, the observed current appeared to be unstable as seen in TPU-FCC (10 mm) in Figure
5.4A and TPU-BCC (10 mm) in Figure 5.6A. Temperature also had a dramatic impact on the
current of EOP by affecting the properties of electrolytes, especially when high voltage was
applied as a result of Joule heating, Chapter 2. With the high electric field strength, any rise of
the liquid temperature in the reservoirs dramatically influenced the properties of buffer such as
a reduction of viscosity which then influenced the flow rate of EOPs.
Secondly, the flow rates of TPU-FCC and BCC EOPs were also influenced by the application of
higher voltages and the geometry of capillary. The higher applied voltages increased the flow
rates of EOPs, typically reaching the maximum flow rate at the maximum voltage, Figure 5.4
and 5.6. Capillary length also influenced the flow rate of EOPs. However, the relationship
between flow rate of EOPs and the length of capillary did not match what equation 6 predicted
and the results of PLA EOPs (shown in Figure 4.3D and 4.5D in Chapter 4). The main reason
for the deviations was that the device temperature, discussed above, also dramatically influenced
the flow movement especially at high applied voltage, Figure 5.4 to 5.7.
Considering these effects of current range, temperature, the applied voltage on the flow
properties of the investigated EOPs, TPU EOP’s with 20 mm lengths were chosen to be for
further studies.

5.4.3.6 60s-Flow rates of 3D printed TPU single capillary EOPs with various
buffer solutions
Electrolytes properties such as the concentration of the electrolyte or bulk ionic concentration
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are important to study when it comes to the flow properties of EOPs, as electrolytes are directly
associated with the EOF shown by equation 6 in Section 1.2.2 in Chapter 1. To determine the
impacts of different concentrations of various buffers (Na2CO3 and NaHCO3 (pH=10.0); TrisCHES (pH=8.83); PBS (pH=6.6)) on the flow rates of TPU EOPs with various voltages, 3D
printed TPU-FCC and TPU-BCC single capillary samples (of 20 mm in length) were prepared
particularly as discussed above. Figure 5.8A shows how the concentrations of buffer solutions
influenced the flow rates of TPU EOPs with different applied voltages (100 V-1500 V).
The flow rates of TPU EOPs were slightly reduced with an increasing concentration of buffer
(Na2CO3 and NaHCO3, shown in Figure 5.8A and 5.8B) at low applied voltages (100-600 V),
which was similar to the result of PLA EOPs shown in Figure 4.7A and 4.7B. However, this
decreased generally (with fluctuations) when applied voltages were from 800 through to 1500 V,
which was different from the result of PLA EOPs that the flow rate decreased at higher
concentrations. The observed changes in TPU EOPs flow rates with Tris-CHES buffer shown in
Figure 5.8C and 5.8D illustrate that the concentrations of the buffer had an adverse impact on
flow rates of TPU EOPs, although the EOPs flow rates were linear with the natural logarithm of
the concentration when voltages were low (100-600 V). These similar changes were also
observed in Figure 4.7C and 4.7D which presented the result of PLA EOPs with Tris-CHES. The
relationship between flow rates of TPU EOPs and the concentrations of buffer was examined
using PBS (Figure 5.8E and 5.8F), which presented linear trends with the natural logarithm of
the concentration when voltages were low (100-600 V) and then maintaining a relatively
consistent performance with high voltages (800 V-1500 V) with only minor fluctuation evident.
Flow rates were influenced negatively by increasing buffer concentration due to the ionic
strengths limiting columbic the interactions of solute with the capillary walls through decreasing
the effective charge at the wall which results in a reduction of the thickness of the EDL.
Additionally, the use of high concentration buffers tended to generate higher currents causing
Joule heating (equations 11 in Section 1.2.3 in Chapter 1). However, effects on the flow rates
were not clearly especially when the applied voltages were not high enough (shown in Figure
5.8A~L at low voltages) and the range of concentration of buffer such as PBS was relatively
narrow (shown in Figure 5.8E, F, K and L).
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Figure 5.8 The flow rates of TPU single capillary EOPs vs. the natural logarithm of the concentrations for different buffers (Na2CO3
and NaHCO3 (pH=10.0); Tris-CHES (pH=8.83); PBS (pH=6.6) at different voltages).(A) TPU-FCC EOPs at 100V-1500V with
Na2CO3 and NaHCO3; (B)TPU-BCC EOPs at 100V-1500V with Na2CO3 and NaHCO3;(C) TPU-FCC EOPs at 100V-1500V with
Tris-CHES;(D) TPU-BCC EOPs at 100V-1500V with Tris-CHES; (E) TPU-FCC EOPs at 100V-1500V with PBS; (F) TPU-BCC
EOPs at 100V-1500V with PBS; (G) TPU-FCC EOPs at -1500V~ -100V with Na2CO3 and NaHCO3; (H) TPU-BCC EOPs at -
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1500V~ -100V with Na2CO3 and NaHCO3;(I) TPU-FCC EOPs at -1500V~ -100V with Tris-CHES; (J) TPU-BCC EOPs at -1500V~
-100V with Tris-CHES; (K) TPU-FCC EOPs at -1500V~ -100V with PBS; (L) TPU-BCC EOPs at -1500V~ -100V with PBS.

5.4.3.7 60s-Flow rates of 3D printed TPU single capillary EOPs with pH
As it was mentioned in Chapter 1 and 4, pH value of the electrolyte is a key factor that influences
the flow performance of EOPs by affecting the surface charge of polymer materials. Considering
that TPU-BCC single capillary EOPs were clearly sensitive to changes of electrolyte properties
within the concentration ranges investigated, as shown in Section 5.4.3.6. TPU-BCC EOPs
samples were studied to test the effects of pH solution on the flow rates of EOPs after applied
for different voltages. TPU-BCC samples were chosen as the printed TPU-BCC capillary
structures consistently retained their shape while the shape of TPU-FCC samples were less
consistent and changed due to the flexibility of TPU. 5.0 mM NaNO3 solution was chosen to be
the main test electrolyte due to its chemical stability. The pH was adjusted using a small amount
of NaOH and HNO3 solution of 0.5 mM concentration, to minimise the effects of NaOH and
HNO3 on the concentration of NaNO3 solution.

Figure 5.9 The flow rates of TPU-BCC single capillary EOPs vs pH

In Figure 5.9, for a given voltage, the flow rates of TPU-BCC EOPs increased significantly with
the increasing of pH of the solution. For example, at 1000V the flow rate of TPU-EOPs was
about 0.6 µ𝑚/𝑚𝑖𝑛 at pH 5.5, whereas the flow rate increased up to 1.2 µ𝑚/𝑚𝑖𝑛 at pH 10.3.
These changes arise as for a given solid surface, the surface charge and zeta potential are
functions of the bulk ionic concentration, valence as well as pH (see equation 2~6 in Section
1.2.2 in Chapter 1). When a certain concentration electrolyte solution is given, the surface charge
and zeta potential can be influenced by varying the pH value of the solution. That is, the surface
charge and zeta potential are strongly pH dependent. Considering the effect of surface charge
and zeta potential on flow, the magnitude of the EOF will vary with pH. When the electrolyte is
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at a high pH and acidic groups on the surface of materials are predominantly deprotonated, the
EOF is significantly greater than that of situation where electrolyte is at low pH and the groups
become protonated. Therefore, due to the fact that increasing pH had a positive impact on flow
rates of TPU-EOPs, it can be concluded that in this case (pH 5.5~10.0), the surface charge of
TPU is negatively charged, which is in line with a report of polyurethane with negatively-charged
surface227. This also explains why EOPs fail to work at low pH value (lower than 5.5), which
limits the applications that TPU-EOPs could be used such as proteins isoelectric point value (PI)
tests228.
Overall, it can be observed that pH is another key factor that need to be considered when
adjusting the flow rate of EOPs.

5.4.3.8 Head pressure measurement of 3D printed TPU single capillary EOPs
When TPU-EOPs are tested over long times, it is necessary to consider the impact of head
pressure on EOPs’ properties as a competing force against flow. In order to determine out the
possible effects of head pressure on TPU-EOPs’ flow rates, TPU-FCC and BCC single capillary
EOPs were tested over 15 minutes at different voltages (600 V-1000 V) (shown in Figure 5.10A
and 5.10B), in order to determine whether the flow rate was impacted dramatically by changes
of the head pressure.

A

B

Figure 5.10 The flow rates of deliver and receive sides of TPU single capillary EOPs with different voltage versus tested time. (A)
TPU-FCC; (B) TPU-BCC.

The flow rates of TPU-FCC EOPs (shown in Figure 5.10A) were calculated according to the
height changes of both sides. Results show that the flow rates of delivery side and receiving side
initially decreased at the beginning, and then fluctuated across the test. Furthermore, the flow
rate of delivery sides was slightly larger than that of receiving sides at the same voltages. For
example, the flow rate of delivery side at 1000 V dropped rapidly from around 0.6 𝜇𝑙/𝑚𝑖𝑛 to
0.06 𝜇𝑙/𝑚𝑖𝑛 over first seven minutes and then fluctuated slightly around 0.06 𝜇𝑙/𝑚𝑖𝑛 at the rest
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of time. The similar flow rates trends were observed for the receiving side, even though the
figures were smaller than that of delivery side. However, the flow rates trends for TPU-BCC
EOPs were clearly different from that of TPU-FCC EOPs, Figure 5.10B. The flow rates of both
sides had a slight difference but decreased dramatically with the extension of the testing time.
For example, the flow rates of both sides for TPU-BCC EOPs experienced a significant decrease
from around 0.2 𝜇𝑙/𝑚𝑖𝑛 to 0.1 𝜇𝑙/𝑚𝑖𝑛 over 15 mins.
The height change in the glass capillaries of both delivery side and receiving sides in EOPs used
to estimate flow during the test in order to illustrate the possible factors on the flow movement,
Figure 5.11 (The line graph is a cumulative height change while the bar graph is an instantaneous
height change over the 1-minute time period). Figure 5.11A~F shows the liquid movement in the
TPU-FCC single capillary EOPs was not stable during the most of these tests, according to the
height change of both sides, even though the same voltage was applied.. The height change of
delivery side was clear at the beginning and then became less evident during the rest of the test.
The height change of receiving side was also clearly evident over the first 5mins but no height
change was observed after testing 6 minutes (shown in Figure 5.11A sample 1-1st ~3rd tests,
Figure 5.11C sample1-1st, Figure 5.11E sample 1-2nd and 3rd). For other tests (shown in Figure
5.11C sample1-2nd and 3rd, Figure 5.11E sample 1-1st), the height changes of both sides were
observed synchronously. Furthermore, it can be noticed that the values of height change of
receiving sides were smaller than the figure of delivery side. This difference was likely as result
of sealing issues causing leakages during the test.
Compared with the flow in TPU-FCC single capillary EOPs, the liquid movement in the TPUBCC single capillary EOPs was relatively uniform and stable, even though the movement became
gradually slower with the accumulation of time, Figure 5.11G~L. When the voltage was applied
at 600 V and 800 V, the height changes of both sides were slightly different with the extension
of time, whereas with the 1000V, the figure of both sides were nearly the same (shown in Figure
5.11K and L). This implies that the TPU-BCC EOPs were able to have a more stable performance
within a long-time test over 600 V-1000 V.
Considering the stable flow movement that TPU-BCC EOPs operated, TPU-BCC EOPs operated
over 70 minutes to the EOPs could steadily pump or not, Figure 5.11M. It can be clearly observed
that the height changes of both sides were near the same during each 10-min test measurement
period. The flow rates of EOPs (average values) decreased from 0.18 𝜇𝑙/𝑚𝑖𝑛 to 0.1 𝜇𝑙/𝑚𝑖𝑛 at
the first 20 minutes and then fluctuated around 0.75 𝜇𝑙/𝑚𝑖𝑛 for the rest of the testing time. Again,
this illustrates that the TPU-BCC EOPs had a stable performance over 70 mins when no leakages
existed.
In summary, TPU-BCC and TPU-FCC single capillary EOPs were able to be used as durable
tested fluidic devices with the slight impact of head pressure, when the devices were fully sealed.
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Figure 5.11 The height change of deliver side and receive side of TPU single capillary EOPs versus the tested time ((The total
test duration was 15 minutes. The line graph is a cumulative height change while the bar graph is an instantaneous
height change over the 1 minute time period). (A) TPU-FCC EOPs at 600V in 1-min interval; (B) TPU-FCC EOPs at 600V
over 15mins; (C) TPU-FCC EOPs at 800V in 1-min interval; (D) TPU-FCC EOPs at 800V over 15mins; (E)TPU-FCC EOPs at
1000V in 1-min interval; (F) TPU-FCC EOPs at 1000V over 15mins;(G) TPU-BCC EOPs at 600V in 1-min interval; (H) TPU-BCC
EOPs at 600V over 15mins;(I) TPU-BCC EOPs at 800V in 1-min interval; (J) TPU-BCC EOPs at 800V over 15mins; (K)TPU-BCC
EOPs at 1000V in 1-min interval; (L) TPU-BCC EOPs at 1000V over 15mins;(M) TPU-BCC EOPs at 600V over 70 mins (The bar

graph gives the instantaneous height change for a 10-min interval. The Line graph is the actual flow rate in 10 mins)

5.4.3.9 Thermal properties of 3D printed TPU single capillary EOPs
5.4.3.9.1 Joule heat of 3D printed TPU single capillary EOPs (1-min)

As it was discussed in Chapter 5 and Chapter 2, the generation of the heat was from the electric
current and was accelerated especially when the electrolyte passed through restrictive 3D printed
capillary structures. Considering that the temperature change was directly related to the capillary
dimensions, thermal conductivity of the buffer, and the applied voltage, the effects of temperature
on the properties of 3D printed TPU-EOPs were investigated in terms of these aspects. As the
10mm long TPU EOPs were observed to be bent with high voltages (1200 V and 1500 V) during
the tests (shown in Section 5.4.3.1 and 5.4.3.2), TPU-FCC and TPU-BCC single capillaries of
20mm in length, (see Section 5.4.3.1~5.4.3.2) were chosen here using a range of the applied
voltage (400-1000 V) with three different concentrations of Na2CO3/NaHCO3 buffer (1.25 mM,
2.5 mM and 5.0 mM) over 1 minute. Buffer solution (Na2CO3/NaHCO3) and the range of applied
voltage were chosen here as the TPU-EOPs operated functionally with flow rates (see Section
5.4.3.1~5.4.3.2) and the measured current range (see Section 5.4.3.1~5.4.3.2) being within the
current limitations of power supply.
From Figure 5.12 and 5.13, the observed temperature of TPU EOPs were mainly depended on
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the application of a driving voltage and ascended dramatically within the first few seconds of
application with a relatively slow increase until the end of experiments. Upon removal of the
electric field the temperature descended rapidly to the ambient temperature. It can be seen that
both the applied voltage and the concentration of buffers contributed significantly to the
temperature that the EOPs reached. The maximum temperature of 3D printed TPU-FCC EOPs
reached around 70.8 °C with 1000 V using 5.0 mM buffer, compared with the minimum
temperature occurring at lower voltage (400 V) using lower concentration of buffer (1.25 mM).
The maximum value which TPU-BCC EOPs reached was around 68 °C at 1000 V using 5.0mM
buffer, nearly triple the figure of TPU-BCC samples at 400 V using 1.25 mM buffer. It can be
predicted that the temperature could even reach higher if the higher voltage was continuously
supplied and/or the higher concentrations of buffer were employed. This behaviour also explains
the reason for the bending of the TPU capillary samples in Section 5.4.3.1~5.4.3.2.
It should be noted that the effect of the capillary dimensions on the temperature of EOPs was not
clearly observed when compared with the results of PLA-EOPs shown in Section 4.4.3.7 in
Chapter 4. This was mainly due to the dimension of capillary in BCC structures which were used
in the tests which was roughly the same as that of FCC structures (shown in Table 5.2). This
resulted in the value of current through BCC structures being slightly lower than the figure of
1

FCC specimen when the same voltage was supplied, as predicted by the equation I = ƙ𝐸 4 (𝛑𝑑2 ),
𝑑 is the capillary inner diameter, 𝐼 is electric current210 as discussed in Section 1.2.2, Chapter 1
or Appendix 1. As a result, the temperature values which both TPU-FCC and TPU-BCC EOPs
achieved reach were nearly the same.
Overall, it can be seen that three key factors impact significantly the joule heat. Therefore, a
variety of methods to limit Joule heating can be considered; by lowering either the applied
voltage or decreasing the buffer conductivity (by lowering the ionic strength) or decreasing
dimensions of capillary.
A
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Figure 5.12 The temperature difference and the thermal images of TPU-FCC 1-single EOPs at 400-1000V with various
concentrations of buffer. (A) The temperature curves of TPU-FCC 1-single EOPs with and without voltage applied. (B) The thermal
images of TPU-FCC 1-single EOPs
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B

Figure 5. 13 The temperature difference and the thermal images of TPU-BCC 1-single EOPs at 400-1000V with various
concentrations of buffer. (A) The temperature curves of TPU-BCC 1-single EOPs with and without voltage applied. (B)The thermal
images of TPU-BCC 1-single EOPs.

5.4.3.9.2 Joule heating of 3D printed TPU single capillary EOPs (5-min)

3D printed TPU-FCC and TPU-BCC single capillary (20 mm in length) EOPs were used to
investigate how high the temperature would reach over extended operation times of 5 minutes.
Considering that the impacts of concentrations of buffer and applied voltage on the temperature
of EOPs were important factors, these samples were tested using 2.5 mM buffer
(Na2CO3/NaHCO3) over 5 minutes at 600 V. From Figure 5.14, the measured temperature of
TPU-FCC EOPs increased dramatically at the beginning to the maximum temperature (near 36
°C, about 2 °C higher than the figure of TPU EOPs over a minute), then had a slight decrease to
32.5 °C and kept steady for the remainder of the time until the end of test. Similarly, the
temperature values of TPU-BCC EOPs were relatively stable after significantly ascending in the
first minute to about 30 °C (in a behavioural similar to the temperature of 1-minute test).
Therefore, it can be seen that due to the stable current through BCC and FCC capillaries, the
impact of temperature on the properties of TPU EOPs was relatively constant for a given long
period of operation.
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Figure 5.14 The temperature of TPU 1-single EOPs generated after applied 600V in 1 minute and 5 minutes. (A) TPU-FCC EOPs;
(B) TPU-BCC EOPs.

5.4.4

The flow properties characterization of 3D printed TPU multi-capillary

EOPs
5.4.4.1 60s-Flow properties of 3D printed TPU-FCC multi-capillary EOPs
TPU-FCC multi-capillary structures were printed and assembled into EOPs. The flow rates of
3D printed TPU-FCC multi-capillary EOPs with 20 mm in length (see Section 5.4.3.1~5.4.3.2)
were then tested (buffer: 5.0 mMNa2CO3 and NaHCO3) to show the effect of the number of
capillaries on properties of EOPs. Figure 5.15 shows the current variation of TPU-FCC EOPs
with the different number of capillaries when a range of voltages was applied.
From Figure 5.15A ~D, a similar response to the single capillary structures, the absolute value
of current of multi-capillary EOPs increased significantly upon the application of the extra
voltages and then maintained a relatively steady and narrow range during the period of operation,
especially at low voltages. However, the tested current of samples had a dramatic increase at
high voltage (such as 600 V shown in Figure 5.15A or 400 V shown in Figure 5.15B). It should
be mentioned that the number of capillaries had an obvious impact on the observed current of
multi-capillary EOPs, Figure 5.15E. For example, the current of 25-capillary EOPs was about
275 𝜇𝐴, double the figure of 16-capilalry EOPs and even near five time the figure of 4-capillary
EOPs, when these EOPs were operated at 200 V.
In Figure 5.16, the flow rates of the TPU-FCC multi-capillary EOPs also had a significant
increase with the increase in voltage, which was similar to the changing tendency of TPU-FCC
single capillary EOPs as well as PLA-FCC/BCC EOPs in Chapter 4. Furthermore, the flow rates
of these pumps significantly increased with an increasing number of the capillaries at low
voltages. For example, the flow rate value of EOPs with 9-capillary was approximately 2.0
𝜇𝑙/𝑚𝑖𝑛, near four times the figure of 4-capillary EOPs and more than ten times the figure of
single-capillary EOPs, when these pumps were applied at 400 V.
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Figure 5.15 The properties of TPU-FCC multi-capillary EOPs (20mm) (A) The current versus the test time of TPU-FCC 4-capillary
EOPs. (B) The current versus the test time of TPU-FCC 9-capillary EOPs. (C) The current versus the test time of TPU-FCC 16capillary EOPs. (D) The current versus the test time of TPU-FCC 25-capillary EOPs. (E) The current of TPU-FCC multiple-capillary
EOPs at 200V versus time.

The observed current of the TPU-FCC multiple EOPs had a direct relationship with the applied
voltages and ascended to the maximum current limits of the power supply (±312 𝜇𝐴) at higher
applied voltages. This upper current subsequently restricted the maximum supplied voltages
which could be applied to the TPU-FCC multi-capillary EOPs. For example, the maximum
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voltage of TPU-FCC 4-capillary EOPs could reach was 600 V, while the figure of TPU-FCC 25capillary only could reach 200 V.
A

B

Figure 5.16 The flow rates of TPU-FCC EOPs with the different number of capillaries versus the application of voltage.

For the 16-capillary and 25-capillary EOPs, the flow rates at high voltages were not able to be
tested due to the limitation of current from the testing system in use. Another negative impact on
the flow rates of EOPs was a reverse siphon effect. It was observed that the liquid head in one
glass tube on the anode side decreased during initial stages the test period (no electric field) but
then increased with application of the electric field. The siphon was observed where large amount
of liquid in one reservoir was transferred rapidly by multi-capillary to another reservoir over a
very short time. The observed flow reached a balance between voltage-inducted flow and
pressure-inducted flow from gravity of liquid. Further, with experimental time electrolytic
bubbles generation at the electrodes had an obvious impact on the rising of level of liquid in both
glass tubes. The relationship between the flow rates of these samples and the application of
negative voltage was also investigated and presented similar trends, Figure 5.16.

148

5.4.4.2 60s-Flow properties of 3D printed TPU-BCC multi-capillary EOPs
The flow rates of 3D printed TPU-BCC multi-capillary EOPs with 20 mm in length were
measured to show the impact of the number of capillaries on properties of EOPs (buffer: 5.0
mMNa2CO3 and NaHCO3).
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Figure 5.17 The properties of TPU-BCC multi-capillary EOPs (20mm) (A) The current versus test time of TPU-BCC 3-capillary
EOPs. (B) The current versus the test time of TPU-BCC 6-capillary EOPs. (C) The current versus the test time of TPU-BCC 10capillary EOPs.(D) The current versus the test time of TPU-BCC 15-capillary EOPs. (E) The current of TPU-FCC multiple-capillary
EOPs at 200V versus time.

The operation of TPU-BCC EOPs with the different number of capillaries showed that the
applied voltage and number of capillaries impacted on the resultant current (absolute value) and
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operated in a similar manner as observed for the FCC EOPs, Figure 5.17. The resultant current
for the multi-capillary EOPs at low voltages was relatively steady and narrow in range (shown
in Figure 5.17A~D at 50-400 V), however there was a noticeable increase at 1200 V (shown in
Figure 5.17A). The current response for the TPU-BCC multi-capillary EOPs rose dramatically
when the number of capillaries increased from 3 to 15. For instance, the value of current for
TPU-BCC 3-capillary EOPs was able to reach about 16 𝜇𝐴 at 200 V, while the figure of TPUBCC 15-capillary was near 72 𝜇𝐴 at 200 V, Figure 5.17E. From Figure 5.18, the flow rates of
TPU-BCC EOPs also had a dramatic increase with an increasing of applied voltage as well as
the number of capillaries, which were consistent with the PLA-BCC EOPs in Chapter 4. The 15capillary EOPs exhibited a good performance in terms of the maximum flow rate (4.5 𝜇𝑙/𝑚𝑖𝑛 at
800 V), which was approximately triple the figure of 6-capillary samples and ten times that of
the single capillary EOPs at 600 V. The relationship between the flow rates of these samples and
the application of negative voltage was also investigated and presented a similar trend (Figure
5.18B).
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Figure 5.18 The flow rates of TPU-BCC EOPs with the different number of capillaries versus the application of positive voltage

Conclusions
In this chapter, 3D-printed TPU capillary structures based on face-centre-cubic (FCC) and bodycentre-cubic (BCC) extruded filaments arrangement were successfully fabricated by controlling
FDM-3D printers. The dimensions of 3D-printed FCC and BCC capillaries were around 150200 𝜇𝑚 and 80-150 𝜇𝑚, respectively, and were significantly smaller than the reported figures
for microchannels (more than 300 𝜇𝑚, see Chapter 1, Section 1.4.3) using FDM techniques. The
printed TPU FCC and BCC capillary structures were able to sustain a significantly high pressureresistance without any leakage noted under 800 psi at 5ml/min pump flow. Furthermore, due to
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the flexibility of these printed structures, the capillaries could be easily knotted into figure-8.
There was no significant impact of knotted structures on the pressure and flow movement when
compared with unknotted samples (Section 5.4.2). The printed capillary structures were
configured as DC driven EOPs and investigated under different experimental conditions to
understand the operational parameters of the EOPs. The maximum flow rate of single capillary
TPU EOP was observed to reach 1.25 𝜇𝑙/𝑚𝑖𝑛 at fields of up to 750 V/cm, which was 0.25
𝜇𝑙/𝑚𝑖𝑛 higher than the PLA single capillary equivalent. Results show that the flow rates of EOPs
were directly related to the geometry of the capillaries, the applied voltage, as well as the
properties of electrolyte. Firstly, the impact of capillary’s geometry on the flow rates of EOPs
was investigated, flow rates of EOPs were noted to be influenced negatively by the increasing
length of capillary but positively by the increasing cross-sectional area of capillary, which was
consistent with the result of PLA EOPs. Secondly, the applied voltage had a significantly positive
impact on the flow rates of EOPs. The flow rates of TPU-EOPs had a linear relationship with
increasing voltage, which matches the theory mentioned in Chapter 1. This was consistent with
the result of PLA-EOPs in Chapter 4 (Section 4.4.3.1.1 on page 74~75 and Section 4.4.3.2.1 on
page 82~83). Thirdly, electrolyte composition such as ionic strength and pH values dramatically
influenced on the flow rates of the EOPs. Flow rates increased with a decrease of concentration
of the buffer solution (shown in Section 5.4.3.6) and increased with pH (Section 5.4.3.7). Ionic
strength and pH clearly affect the velocity of EOF by affecting the surface charge on a solid and
zeta potential. In addition, other negative factors such as head pressure and Joule heating were
also investigated. Head pressure in the EOPs configuration had a small influence on the flow
rates of EOPs (shown in Section 5.4.3.8). However, Joule heating had a dramatic effect on flow
rates by affecting the viscosity of electrolytes (Section 5.4.3.9).

Electrolytic gas bubble

generation at higher voltages influenced the flow rates of EOPs resulting in current fluctuations
and unstable behaviour due to transient blockages forming within the capillary. Finally,
increasing the number of capillaries in the EOP boosted the flow rate of EOPs (Section 5.4.5).
Overall, the concept of FDM-3D printed TPU FCC and BCC capillary structures was proven and
the properties of TPU capillary EOPs assembled by these capillary structures were
comprehensively investigated to show the potential application in flexible microfluidic devices.
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6
6.1

3D printed BNPU Electroosmotic Pumps

Abstract

The study in this chapter is focused on the development of novel capillary electroosmotic
pumping structures and configurations using composites materials for incorporation into
microfluidic systems via a simple 3D printed architecture. Here, a melt extrusion-based 3D
printing technique has been employed to fabricate micro capillary structures using boron nitride
polyurethane (BNPU) composites as a heat dissipating component and subsequently investigated
as a scalable electroosmotic pump. The 3D printing technique was used to fabricate capillary
structures based on face-centre cubic (FCC) and body-centre cubic (BCC) filament
arrangements. These 3D printed capillary structures were demonstrated to be able to be used as
electroosmotic pumps where the maximum flow rate of single capillary EOPs with different
percentages of BN in PU was observed to reach 1.5 𝜇𝑙/𝑚𝑖𝑛 at fields of up to 750 V/cm. The
maximum temperature difference between unfilled PU EOPs (mass ratio BN in PU 0%) and 20%
w/w BNPU-EOPs was 20°C.

6.2

Introduction

Two-dimensional (2D) layered nanomaterials as functional filler materials for polymer
composites have been developed due to their high surface area 229, exceptional mechanical
properties230, as well as electrical231, optical232-233, and thermal properties234. Furthermore, these
2D nanomaterial fillers have been shown to improve mechanical strength235 and provide
additional functionality236-237. Therefore, the use of functional composites provides a driving
force for the development of novel 3D printing architectures, especially when 3D printing 134-135
has shown its unique capability to rapidly design and fabricate complex architectures 14-15 for
many different applications such as hierarchically porous battery electrodes 187, Li-Ion
microbattery188-189, sensors190, thermal-related applications191, tissue engineering192.
In nano-filled composites, boron nitride (BN)180, is a widely used ceramic material with attractive
properties such as high thermal conductivity, low coefficient of thermal expansion, with a high
electrical resistivity over a wide temperature range such that it has been widely adapted to
improve the thermal conductivity of polymer matrixes238-240 and further enhance the performance
of manufactured devices. For this interest in 3D printed BN-polymer composites has gained more
attention within the thermal heat dissipation field. It has been reported that FDM-3D printed BN–
ABS composites samples with up to 35 wt.% BN can reach a maximum thermal conductivity
value of 0.93 W/(mK)241, more than five-fold the conductivity of ABS. 3D printed
(BN)/poly(vinyl alcohol) (PVA) composite (BN/PVA) fibres (45 wt.% BN loading) have also
been used to fabricate fabrics with a thermal conductivity of 0.078 W/(mK) for wearable
devices242. Hexagonal boron nitride-poly(lactic-co-glycolic acid) composites with up to 60% vol
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hBN have been 3D extruded to form complex architectures with thermal conductivity up to 2.1
W/(mK), making them suitable for the use of thermal management applications243. A novel and
safe separator using (BN) nanosheets-poly vinylidene fluoride-hexafluoropropene (PVDF-HFP)
composites (21 wt.% BN loading) has also been made vis an extrusion based 3D printing
approach for the thermal management of high-performance Li metal anodes244. FDM-3D printed
hBN and TPU composites (40 wt%) has also been shown to exhibit thermal conductivity up to
2.56 W/(mK) at 100 °C along printing direction245. The enhanced high through-plane thermal
conductivities samples using PA6/BN composites with vertical alignment of BN were fabricated
by FDM to achieve the maximum values of 2.03 W/(mK)246. Therefore, the diversity of the
materials, and potentially nano-filled BN composites of them, provide the user with a relatively
unexplored ability to create new architectures using 3D printing techniques.
In the Chapters 4 and 5, it has been shown that rigid PLA-EOPs and elastomeric TPU-EOPs were
more functional at high voltages in terms of the flow rates that EOPs reached. However, it was
also noted that the impact of the high temperature generated by the high voltages on the properties
of materials and EOPs was so significant that the capillary samples were bent due to exceeding
the Tg of the polymer capillary structure. Therefore, it is necessary to remove effectively the heat
from the EOPs, particularly when these EOPs are operational at high voltages. Due to the
applications of 3D printed BN-polymer composites in the thermal field mentioned above, it
would be reasonable to employ BN with high thermal conductivity to dissipate the heat for 3D
printed polymer EOPs.
The main objective of this Chapter was to investigate the effects of adding BN to a polymeric
matrix (polyurethane) with thermal conductivity capabilities to determine if heat dissipation can
facilitate EOP performance. PU was chosen here as it is biocompatible elastomer ensuring good
reproducibility, flexibility for devices fabrication. In this work, due to the mechanical properties
of the PU used, pneumatic 3D printing (rather than a FDM approach) has been explored to
fabricate capillary structures based on face centre cubic (FCC) and body centre cubic (BCC)
filament arrangements using composites of BNPU. These printed capillary structures have been
able to be assembled as key parts of DC-EOPs. The flow and thermal properties of BNPU-EOPs
with 0-20% BN loadings (mass ratio, BU in PU) were investigated under different experimental
conditions.

6.3

Experimental methods

6.3.1

3D-printing setup

A pneumatic extrusion-based printer (MT, Mechatronics 4 Technology, KIMM SPS1000
Bioplotter) was used to make capillary structures in this work, shown in Figure 6.0. A cartridge
with a 0.4 mm diameter commercial nozzle was heated and controlled by stepper motors
following Cartesian coordinates to print the object in the layer-by-layer process on a building
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base with 100 mm × 100 mm in dimension and 70 °C in operation temperature. Each plane or
layer contains a set of Cartesian coordinates that specify the extrusion pressure (P), printing speed
(or feedrate (F)), cartridge temperature (T), and where the filament should be deposited by using
the manually-written G-code language. The tip-to-substrate distance and tip moving speed were
set at 400 µm and 50 mm/min. The barrel was connected to a dispensing controller to apply
pressure (450 - 550 KPa). The barrel was placed in a heated jacket at the temperature of 185 190 °C. The temperature and pressure were varied to keep the extrusion rate constant for different
composites. Please see Appendix 3 for more information about the printing parameters.

Figure 6. 0 A schematic diagram of a pneumatic extrusion-based printing technique and capillary structures based
FCC and BCC filament configurations (the insert image shows the actual printer).

6.3.2

3D-printing capillary samples preparation

The composites BNPU capillary samples based on FCC and BCC structures were printed by
adjusting different groups of printing parameters (such as printing temperature (T), x, y, z
position, pressure (P), federate (F), and flow rate of composites (FR)) to achieve optimal prints.
Table 6.1 shows the optimal parameters observed for printing FCC and BCC structures for the
BNPU samples.
Table 6. 1 The printing parameters of FCC and BCC structures for BNPU composites samples (30mm in length).
Material
0-20BNPU

6.3.3

3D

Structures
FCC
BCC

printed

Pressure (KPa)

T(°C)

F(mm/min)

FR(mg/s)

X(mm)/shift

Z(mm)/shift

450 – 550

185 – 190

50

0.08-0.11

0.4

0.35

capillary

electro-osmotic

pumps

(EOPs)

and

their

characterization
A schematic overview of the experimental setup for EOP is shown in Figure 2.1 in Section 2.4
154

in Chapter 2. The EO pumps design consisted of two reservoirs to hold solutions, 3DP-capillary
structures and glass capillary tubes. To accurately measure flow volumes generated by the EOF
pumps, each test was run long enough to easily measure solution displacements in the glass
tubing. Pt wire was inserted into the top of the capillary tubing to serve as an electrode. A
LabSmith HVS448 High Voltage Sequencer, capable of high voltage up to 3 kV with an accuracy
of 0.05%, was used to generate the electric field between the two reservoir chambers. Composites
ranging from 0, 1, 3, 5, 10, 20% w/w (mass ratio of BN in PU) were printed into FCC and BCC
capillary EOPs and tested. The EOPs flow rates were calculated by measuring the change in head
height (volume) in the glass capillary tubes and dividing by the change in time.

6.3.4

Chemicals

All solutions were made with deionized water (18.3 MΩ; Millipore, Bedford, MA) and filtered
with a 0.22 𝜇𝑚 nitrocellulose membrane filter (Fisher Scientific, Fairlawn, NJ). Na2CO3,
NaHCO3 and CHES were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA). Tris
(trisaminomethane)

(N-Cyclohexyl-2-aminoethanesulfonic

acid)

were

purchased

from

AMRESCO, Inc. A 0.25 mM carbonate buffer solution was prepared from 0.25 mM sodium
bicarbonate and 0.25 mM sodium carbonate. A 5.0 mM Tris-CHES solution (5.0 mM Tris and
5.0 mM CHES) was prepared to be as buffer. The thermoplastic PU (HydroThane 80A) was
purchased from AdvanSource Biomaterials. The BN nanopowders were obtained from SigmaAldrich with the size less than 150 nm. The Ethanol (96%) were supplied from Chem-Supply.

6.4

Results and discussion

6.4.1

The morphology and thermal conductivity properties characterization of

3D printed BNPU single capillary structures
6.4.1.1 The thermal conductivity of 0-20BNPU composites
Composite materials were supplied by Hadis Khakbaz who conducted BNPU composites
experiments, including the use of a mixture solution (Ethanol and milli-Q water) to dissolve PU
pellet and disperse BN nanpowders as well as 3D printing composites capillary samples. Thermal
conductivity of composites λ (W/(m·K)) was calculated as λ = D × Cp × ρ247, where the density
is ρ (g/cm3), the thermal diffusivity is D (mm2/s) and specific heat capacity is Cp (J/(g·K)). Table
6.2 shows that thermal conductivity of composites was affect positively by an increasing loading
of BN in PU.
Table 6. 2 Thermal conductivity of BNPU composites
Composites
Neat PU
1% BNPU
3% BNPU
5% BNPU
10% BNPU
20% BNPU

Average
0.13103
0.14782
0.15004
0.17308
0.21206
0.2279

Standard deviation
0.00741
0.01137
0.00847
0.0266
0.01527
0.00263

155

6.4.1.2 Morphology characterization of 3D printed BNPU capillary structures
3D printed composites BNPU capillary structures based on face centre cubic (FCC) and body
centre cubic (BCC) filament arrangements were successfully extruded and shown in Figure 6.1
and Figure 6.2. Specific G-code for these two configurations were written to control the operation
of the printer step by step and the groups of fabrication parameters (pressure-P, temperature-T,
E, Y, X and Z) for different structures were optimized so as to reproducibly produce the desired
print architecture (see Appendix 3). The cross section images of FCC and BCC capillary
structures (Figures 6.1 and 6.2) show that the designed capillary structures were reliably printed.
Reasonable fidelity between digital design and resultant 3D structures achieved in terms of
capillary number, distribution, shape and dimensions. It can be seen that the resultant microchannels (capillaries) of 0-20BNPU-FCC structures were well-formed with irregular quadrangle
cross-sectional shapes and held reasonable fidelity to the schematic design.
For BNPU-BCC structures, micro-channels or capillaries in the 0-5BNPU-BCC structures were
triangular and well distributed. Furthermore, the number of capillaries in 0-5BNPU-BCC
structures was the 4. Therefore, the printed 0-5BNPU-BCC structures have reasonable match to
the schematic design. The main reason was that the shape variables of 0-5BNPU after thermoextruding were small, which was good to form capillary structures, especially for the BCC ones.
However, the number of capillaries of 10-20BNPU-BCC samples does not match the figure of
the designed structure, shown Figure 6.2E and 6.2F. The main reason was that the printability of
BNPU composites and the surface quality of extruded filaments were affected dramatically by
an increasing amount of BN in PU, causing the printed capillaries collapsed and/or solidified
during the print procedure.
Therefore, the printed composites BNPU-FCC samples were relatively close to the designed
structures in terms of capillary distribution, number and shape, compared to BNPU-BCC
capillary samples.
Structural data distinguishing characteristics of capillaries and structures for these printed
composites BNPU samples are listed in Table 6.2. For 0-20BNPU-FCC capillary samples, the
dimensions (the widths and heights) of printed capillaries in FCC capillary structures were
between 172 and 275 µm, which are lower than the figure of FCC design (diameter: 400 µm).
The average capillary area of these FCC 1- capillary samples was from 1.2 to 2.2 × 104 µm2,
compared with the designed capillary area (3.6 × 104 µm2). The overall area of FCC samples
was in a range of 3.44 to 7.72 × 105 µm2. For 0-20BNPU-BCC capillary samples, the dimensions
of printed capillaries in BCC capillary structures were approximately between 63 and 198 µm,
compared with the dimensions of design BCC capillary with 140 µm in height and 190 µm in
width. The average capillary area of these BCC single capillary samples was from 1.0 to 1.6
× 104 µm2, while the area of designed capillary was 8 × 103 µm2.
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Figure 6.1 The cross-sectional images of 0-20BNPU-FCC single capillary structures (A: 0BNPU-FCC; B: 1BNPU-FCC; C: 3BNPU-FCC; D: 5BNPU-FCC; E: 10BNPU-FCC; F: 20BNPU-FCC; G digital
FCC design)

A

B

C

D

E

F

G

Figure 6.2 The cross-sectional images of 0-20BNPU-BCC single capillary structures (A: 0BNPU-BCC; B: 1BNPU-BCC; C: 3BNPU-BCC; D: 5BNPU-BCC; E: 10BNPU-BCC; F: 20BNPU-BCC; G digital
BCC design)

Table 6.3 The dimensions of 0-20BNPU-FCC and 0-20BNPU-BCC capillary structures (Theoretical values of designed structures are shown in Table 3.1 and 3.2. )
Material-structure
Number of capillaries
Mass Weigh of BN in PU
FCC/BCC overall area (105 µm2)
Capillary overall area (103 µm2)
A holes/ A structure ratio
Capillary width (µm)
Capillary height (µm)

1
0
4.39±0.21
12.3±0.9
2.80%
210±20
180±16

1
1
5.00±0.32
13.2±1.2
2.40%
213±26
172±25

BNPU-FCC
1
1
3
5
4.29±0.42 4.46±0.47
12.5±4.9
16.2±4.5
2.95%
2.39%
223±30
248±24
260±35
235±20

1
10
4.36±0.37
11.2±3.5
2.59%
178±24
145±20
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1
20
7.72±0.23
21.4±0.6
2.84%
275±24
212±12

4
0
5.34±0.18
6.97±2.23
1.30%
166±17
115±6

4
1
7.62±0.42
6.02±0.78
0.97%
141±10
84±8

BNPU-BCC
4
4
3
5
6.69±1.33 6.49±0.25
6.59±1.04 6.52±0.67
1.01%
1.01%
133±16
132±10
96±13
102±9

1
10
8.29±1.33
7.79±0.35
1.07%
174±20
112±12

1
20
10.07±0.42
9.56±0.70
0.94%
196±16
100±5

6.4.2

The flow properties of 3D printed 0-20BNPU single capillary EOPs using

Tris-CHES buffer
As discussed in previous chapters (Chapter 2~5), the flow properties of EOPs depend on the
surface properties of capillary material, the geometry of the capillary, the properties of electrolyte
as well as the applied voltage. Particularly, the measured current for the EOPs was a direct
indicator of the flow properties of printed EOPs. Using this finding, an estimate can be made
whether the performance of EOPs was reliable. 3D printed 0-20BNPU-FCC and 0-20BNPUBCC single capillary EOPs with 20mm in length were tested over 60 seconds time periods using
a 5.0 mM Tris-CHES buffer over a potential range of 200 to 1500 V (absolute value).

6.4.2.1 60s-current values of 3D printed 0-20BNPU-FCC single capillary EOPs
Plots of the measured current versus time at applied voltage on 0-20BNPU-FCC single capillary
EOPs show that the observed current responses of 0-20BNPU-FCC single capillary EOPs was
symmetrical over the range of -10 𝜇𝐴~ 10 𝜇𝐴 when the voltage was from -1500 V to +1500 V,
Figure 6.3. Therefore, there was no obvious impact upon the EOPs’ functionality due to an
increasing amount of BN in PU. However, there was a noticeable impact upon the current
stability with BN present. For example, the current values of 1-10BNPU-FCC EOPs maintained
about ±3.0 𝜇𝐴 at ±600 V, compared to the values of 0BNPU-FCC and 20BNPU-FCC EOPs
with a slight fluctuation between ±3.0 𝜇𝐴 and ±5.0 𝜇𝐴. This illustrates that an increasing
percentage of BN in PU had an impact on the flow properties of 0-20BNPU-FCC EOPs in terms
of the current values which had a relatively stable trend when the same voltage was applied.
However, when the amount of BN in PU reached 20%, the impact of BN loadings on the current
stability was more significant and less stable, Figure 6.3F. This change was potentially due to
the surface quality of PU and surface charge of PU were influenced by the BN loadings,
especially with high percentage of BN in PU. Another reason may be due to the relatively poor
printability of 20BNPU-FCC, where the size or volume of capillary was relatively less uniform
than others, resulting in the relatively unstable current flow in the capillary.
Another aspect is that the test current of 0-20BNPU-FCC EOPs experienced a significant
increase with ascending of voltage. Furthermore, the current responses of the EOPs were steady
at low voltages such as ±200 V but fluctuated significantly at the higher applied voltages such
as ±1500 V. The main reason was the generation of bubbles during the operations at high voltage
impacted dramatically on the flow.
In summary, BN loadings had a slight impact on the BNPU-FCC EOPs’ functionality in term of
the observe current range of EOPs, however, the impact of BN loadings on current stability was
positively due to 1-10BNPU-FCC EOPs samples having the relatively steady performance at
various applied voltages.
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6.4.2.2 60s-current values of 3D printed 0-20BNPU-BCC single capillary EOPs
Plots of the measured current of 0-20BNPU-BCC capillary EOPs at applied voltages versus test
time show that the values of test current of 0-20BNPU-BCC single capillary EOPs were
symmetrical in the range of -12 𝜇𝐴~ 12 𝜇𝐴 with a range of applied voltage from -1500 V to
+1500 V. It can be noted that an increasing amount of BN in PU had no obvious impact upon the
EOPs’ functionality. However, BN loadings had a relatively noticeable impact on the EOP’s
stability because the current values of EOPs had an increasing variability (climbing rapid to the
maximum values then dropping continuously until the end of tests) with BN loadings. In general,
the higher the BN loadings were, the more significantly the current fluctuated. This, as discussed
above, was possibly because the surface quality of capillary formed by extruded filaments and
the printability of composites materials were affected by the BN loadings which caused the
relatively unstable current flow.
Another aspect was that the current of 0-20BNPU-BCC EOPs experienced a noticeable increase
with ascending of voltage. For example, the current value of EOPs at 200 V was 1.5 𝜇𝐴, while
at 1500 V this increased to 12 𝜇𝐴. Furthermore, it is clear to see that the current values of theses
EOPs had slight fluctuations at low voltages such as ±200 V~±400 V, with more significant
instability at the high voltage ranges from ±800 to ±1500 V.
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Figure 6.3 Graphs of the measured current versus applied voltage along 0-20BNPU-FCC single capillary EOPs. (A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC
EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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Figure 6.4 Graphs of the measured current versus applied voltage along 0-20BNPU-BCC single capillary EOPs.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.4.2.3 300s-current values of 3D printed 0-20BNPU-FCC single capillary EOPs
The flow properties of capillary EOPs were then tested over 300s to determine if stable
performance was possible over a longer period of time. Current responses from 0-20BNPU-FCC
capillary EOPs versus the testing time were investigated over 300s at ±600 V, ±800 V and
±1000 V, respectively, Figure 6.5.
In Figure 6.5A, the observed current responses of EOP at ±600 V experienced a relatively stable
change during the tests. At 600 V the current values of 0-20BNPU-FCC EOPs experienced a
rapid increase to the maximum values, around 5 𝜇𝐴, followed a noticeable decrease to 2.5 𝜇𝐴
and finally remained relatively steady state. Here, for a given voltage, the BN loadings in PU has
no obvious impact on the flow properties of EOPs at 600 V over 300 s.
The trends of the current values of 0-20BNPU-FCC EOPs at ±800 V is shown in Figure 6.5B.
The trends of these EOPs at 800 V were similar to that of EOPs at 600 V, climbing moderately
to the maximum values and then declining to a holding steady state. For example, the current
values of 10BNPU-FCC EOPs increased to 4 𝜇𝐴 and then decreased noticeably to 2.8 𝜇𝐴, the
minimum values among these samples, and bottomed out for the rest of testing time. However,
the trends of these samples at -800 V showed a contrast aspect, rising considerably to the
maximum and dropping marginally to near -3.0 𝜇𝐴.
The relationship between the current and the time was shown in Figure 6.5C when these samples
were applied at ±1000 V. The absolute values of current for the 0BNPU-FCC EOPs experienced
dramatic fluctuations, rising rapidly to the top (about 12 𝜇𝐴) and dropping fast to the bottom then
climbing slowly back to the maximum values until the end of the tests. 1-3BNPU-FCC EOPs
also had a noticeable fluctuation at the high voltage; however, the 5-20BNPU-FCC EOPs showed
a relatively steady trend after having a moderate change at the beginning. It is likely that the flow
properties of EOPs, especially for the 0BNPU-FCC samples, were dramatically influenced by
the joule heat generated by the use of the high voltages. Furthermore, BN partially offset the
impact of joule heating on the flow by transferring the heat to surrounding environment, thereby
making the EOPs with high BN loadings performance relatively stable.
In summary, it can be seen that when the testing time was set up 300 seconds per time, 020BNPU-FCC capillary EOPs exhibited a steady flow pumping performance. However, BN, to
some extent, had a positive impact on the stability of EOPs’ performance at high voltages.
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Figure 6.5 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC single capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V (some lines in these Figures
are thick due to the fluctuations of the original data that collected in the experiments)
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Figure 6.6 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC single capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V (some lines in these Figures
are thick due to the fluctuations of the original data that collected during the experiments)
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6.4.2.4 300s-current values of 3D printed 0-20BNPU-BCC single capillary EOPs
The flow properties of 0-20BNPU-BCC capillary EOPs were also investigated under the same
experimental conditions as 0-20BNPU-FCC EOPs. Graphs of the test current values of 020BNPU-BCC capillary EOPs over 300s at different voltages (±600 V, ±800 V and ±1000 V,
respectively) versus the testing time show the flow performance of these composites EOPs over
300s at external voltages, in Figure 6.6.
In Figure 6.6A, the current values of 0-20BNPU-BCC EOPs at ±600 V maintained responses
with only minor fluctuations at the initial stages of the test. For example, the current values of
0BNPU-BCC EOPs at 600 V held steady at about 6 𝜇𝐴 during the 250s test, after experiencing
a moderate increase and decrease at the first 50s of the test, while the current values of 20BNPUBCC EOPs fluctuated slightly between 3.8 and 4.3 𝜇𝐴 over 300 s. The current response of 020BNPU-BCC EOPs at ±800 V, Figure 6.6B, had a modest change during the with a noticeable
change at the start and becoming relatively steadily at the later stages, showing as similar change
trends to the samples at ±600 V. When these EOPs were tested at ±1000 V, the current curves
of 0-1BNPU-BCC samples in Figure 6.6C had a remarkable change during the tests in
comparison with the curves of the samples at ±800 V and ±600 V. For instance, the current of
1BNPU-BCC EOPs at 1000 V had an obvious oscillation in the test, soaring from 7.5 𝜇𝐴 to
13 𝜇𝐴 in 25 s, maintaining this maximum values in the next 25s, and dropping noticeably back
to 7.5 𝜇𝐴 in the rest of 250 s. However, the current curves of 3-20BNPU-BCC samples at ±1000
V were relatively steady during the tests, especially for the current of 10-20BNPU-BCC samples
fluctuating slightly around ±6.3 𝜇𝐴.
From Figure 6.6, the current curves for the 0BNPU-BCC samples reached a plateau at ±600 V
and ±800 V however there was an obvious change at ±1000 V. 1BNPU-BCC samples showed
the similar trends for the current change as the 0BNPU-BCC. The current responses of the
3~20BNPU-BCC samples fluctuated slightly throughout the test. The current values (absolute
values) of 0BNPU-BCC samples were higher than the figures of other samples at the same
voltage. This implied that the heat flow affects in the capillary were only experienced at relatively
at high voltages.
In summary, the 0~20BNPU-BCC EOPs had a stable operation over 300s at ±800 V and ±600
V and 3~20BNPU-BCC EOPs were operated steadily even at ±1000V due to the impact of BN
loadings on the heat flow.

6.4.2.5 Discussion of the flow properties of 3D printed 0-20BNPU single capillary
EOPs
The current of the EOP is a direct indicator that reflects the flow situations in microchannels of
EOPs for a given electrolyte (5mM Tris-CHES). Additionally, the current of EOPs or the flow
properties of EOPs, were influenced by these aspects including the surface properties of capillary
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materials, the applied voltage and the geometry of the capillary. Firstly, for 0-20BNPU-FCC and
BCC EOPs in Figure 6.3~ 6.6, increasing the applied voltage resulted in increasing current values
for the EOP, which further provided a driving force to move flow. However, the generation of
heating created by at higher voltages influenced the flow stability, which caused current
fluctuations, particularly for the EOPs with low BN loadings. Secondly, the current of the EOP
was affected by the geometry of capillary. According to the dimension of capillaries (Table 6.2),
the slight differences of capillaries’ geometry resulted in a difference of current of EOPs at the
same voltage. The third aspect was that due to the BN loadings, the properties of capillary
materials were changed in terms of the thermal conductivity, which to some extent kept the flow
stability of EOPs at high voltage (shown in Figure 6.6C, 6.5C).
Overall, two configurations of composites BNPU EOPs (0-20BNPU-FCC and 0-20BNPU-BCC
EOPs) both were functional at different voltages in terms of the current values. However, BN
had a positive impact on the flow stability of EOPs by dissipating the heat effectively especially
for the high voltage.

6.4.2.6 The flow rates of 3D printed 0-20BNPU single capillary EOPs
6.4.2.6.1 60s-flow rates of 3D printed 0-20BNPU-FCC single capillary EOPs

The volume flow rate of 0-20BNPU-FCC EOPs was calculated by measuring the changes in
height liquid head in micro capillary glass tubes. Figure 6.7 shows the dependence of the volume
flow rates on the voltage applied over these capillary EOPs. Furthermore, the flow rates of these
EOPs at the positive voltages mirrored the flow of the EOPs at the negative voltages.
The flow rates of the EOP increased dramatically with an increasing of the voltage values
(absolute values). For example, the flow rates of 0-5BNPU-FCC single capillary EOPs rose to
the maximum value, of 0.55 𝜇𝑙/𝑚𝑖𝑛 at an applied voltage up to 1500 V. 10BNPU-FCC and
20BNPU-FCC EOPs showed the similar trend as other samples but reached the maximum values
of 0.3 and 0.2 𝜇𝑙/𝑚𝑖𝑛, respectively at an increasing applied voltage from 200 V to 1500 V.
The impact of BN on the flow rates of EOP is two-fold. Firstly, due to the thermal conductivity
of BN, BNPU-EOPs with high BN loadings, to some extent, dissipated the heat generated by the
high voltage from the capillary so as to stabilize the flow, Another aspect is that the surface
charge of PU may have to be influenced by the BN, especially for the high loadings samples
(such as 10-20BNPU-EOPs), thereby impacting negatively the flow movement and further
causing the flow rates lower than others (such as 0-5BNPU-EOPs).
In summary, 0-20BNPU-FCC single capillary EOPs have shown some different performances at
different voltages when testing time was set up 60 seconds per time. The flow rates of these
pumps rose dramatically with an increasing voltage but reduced with increasing BN loadings in
PU.
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Figure 6.7 Graph of the flow rates versus the applied voltage along 0-20BNPU-FCC single capillary EOPs.

6.4.2.6.2 60s-flow rates of 3D printed 0-20BNPU-BCC single capillary EOPs

The volume flow rate of these 0-20BNPU-BCC EOPs was determined in the same way as 020BNPU-FCC EOPs. Figure 6.8 illustrates the dependence of the volume flow rates on the
voltage applied over these capillary EOPs. The flow rates of these samples increased remarkably
with the rise of the applied voltages, in a similar observed for 0-20BNPU-FCC EOPs. It can also
be seen that the flow rates of these EOPs at the positive voltages were near the same as the figure
of EOPs at the negative voltages, thereby having a mirror symmetric trend lines in Figure 6.8.
When the voltage was applied the highest values (±1500 V), 0BNPU-BCC EOPs showed the
maximum value of flow rates among these samples, about 0.6 𝜇𝑙/𝑚𝑖𝑛, 0.2 𝜇𝑙/𝑚𝑖𝑛 more than
the figure of 1BNPU-BCC EOPs and double the figure of 3-20BNPU-BCC EOPs which had
approximate flow rates values. The addition of BN reduced the overall flow rates of the EOP.
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Figure 6.8 Graph of the flow rates versus applied voltage along 0-20BNPU-BCC single capillary EOPs.

6.4.3

The thermal properties of 3D printed 0-20BNPU single capillary EOPs

using Tris-CHES buffer.
A side effect of microchannel transport by electrokinetic means is the internal heat generation,
i.e., Joule heating. Joule heating is known to cause non-uniform temperature gradients, local
changes in viscosity, and subsequent zone broadening. The Joule heat resulting is temperature
change within a capillary will also be influenced by the capillary dimensions, thermal
conductivity of the buffer and the applied voltage. Here the thermal properties of the 3D printed
BNPU-FCC and BCC single capillary EOPs were investigated at a range of different voltage and
time.

6.4.3.1 60s-thermal properties of 3D printed 0-20BNPU single capillary EOPs
6.4.3.1.1 60s-thermal properties of 3D printed 0-20BNPU-FCC single capillary EOPs

BNPU-FCC EOPs were tested to investigate whether BN had a positive impact on the thermal
dissipation over 60 seconds using 5.0mM Tris-CHES buffer at different DC voltages. Figure
6.9A shows the temperature response of 0BNPU-FCC EOPs over 60s from 400 V to 1500 V.
Upon application of the applied voltage the temperature values ascended dramatically. After
removal of the driving potential the temperature was noted to descend quickly to the ambient
temperature. For example, the temperature difference (∆Τ) before and after applying the voltages
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was 9.5 ℃ at 1500 V on the 0BNPU. A similar temperature change trend was observed for 400
V-1200 V. In addition, ∆Τ was influenced by the applied voltage. The higher voltage applied,
the high ∆Τ tested. For instance, ∆Τ at 1500 V was 9.5 ℃, 4 ℃ higher than the figure of 1200 V,
triple the figure of 800 V and even near 10 times the figure of 600 V. However, at 400 V, no
obvious temperature difference was observed.
1-20BNPU-FCC EOPs were then employed to test the relationships between the voltage and the
temperature using the same experimental conditions, shown in Figure 6.9B, 6.9C, 6.9D, 6.9E
and 6.9F, respectively. The temperature values of these samples experienced a clear increase at
the beginning with the voltage to reach the maximum values and then a maximum value which
was much similar to the 0BNPU-FCC EOPs. There was a clear dependence of the temperature
on the applied voltage. On the other hand, the maximum temperatures which these pumps could
reach were slightly different with respect to the BN loadings in PU. For instance, the maximum
∆Τ of 1BNPU-FCC and 10BNPU-FCC EOPs at 1500 V was approximately 8 ℃, while the figure
of others was about 7 ℃.
Thermal images of 0-20BNPU-FCC EOPs at the applied different voltages over 60s were
recorded to show the maximum temperature reached, Figure 6.10. The entire printed capillary
was clearly shown to be uniform in colour (temperature) band across its structure, Figure 6.10B,
indicating uniform heat transfer between the capillary and the surrounding environment. On the
other hand, thermal images of samples operated at lower voltages such as 200 V~400 V showed
little temperature variation presumably due to the lower Joule (IR) heating.
In summary, both the temperature curves and the thermal images of the 0-20BNPU-FCC EOPs
show that the joule heating in the capillaries had a slight impact on the properties of EOPs at low
voltages but there was a clear impact at higher voltages.
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Figure 6.9 Graphs of the measured temperature difference versus the time before and after applying voltage (400V-1500V) along 0-20BNPU-FCC single capillary EOPs over 60s.(A)0BNPU-FCC EOPs;
(B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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Figure 6.10 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage (200V-1500V) over 60s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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6.4.3.1.2 60s-thermal properties of 3D printed 0-20BNPU-BCC single capillary EOPs

3D printed 0-20BNPU-BCC single capillary EOPs were studied to determine whether BN had
an impact on the thermal dissipation of EOPs.
The temperature values of EOPs were related to the applied voltages, with the temperature
ascending dramatically with increasing applied voltage and descending back to room temperature
without any. For example, the temperature difference of 0BNPU-BCC EOPs (shown in Figure
6.11A) (∆Τ) reached more than 11 ℃ over 60 s at 1500 V and then declined to room temperature
(∆𝑇 0 ℃) without the application of voltage. When the voltage was 1500 V the values of 5BNPUBCC samples, Figure 6.11D, a maximum of 7 ℃, was achieved and reduced to 3℃ at 800 V and
0.5 ℃ at 400 V. It should be noted that the 20BNPU-BCC EOPs had an obviously different trend
other EOPs in term of the temperature values. This clear deviation from the trend was due to the
fact that the current values of EOPs was higher than other samples at the same voltage. This
change is due to the formation of larger volume of capillaries as a result of poorer 3D printability
of the 20% BN filled PU.
Thermal images of 0-20BNPU-BCC EOPs, Figure 6.12, were taken of the capillary structures
show a uniform colour band in the thermal images at high voltages such as 1200-1500 V. The
clear thermal images of the capillary samples illustrate that the joule heat within the capillaries
was dissipated. In contrast, the thermal images at lower voltages such as 200 V~800 V was not
as obvious. This would imply that for the application of low voltages there was only a slight
impact of Joule Heating effects on the EOPs.
In summary, both the temperature curves and the thermal images of the 0-20BNPU-BCC EOPs
show that the joule heating in the capillaries had a slight impact on the properties of EOPs at low
voltages but had a relatively obvious impact at high voltages. BN loadings in PU, to some extent,
had a slight impact on the temperature which EOPs could reach during the tests.
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Figure 6.11 Graphs of the measured temperature difference versus the time before and after applying voltage (400V-1500V) along 0-20BNPU-BCC single capillary EOPs over 60s.(A)0BNPU-BCC EOPs;
(B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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Figure 6.12 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage (200V-1500V) over 60s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.4.3.2 300s-thermal properties of 3D printed 0-20BNPU single capillary EOPs
6.4.3.2.1 300s-thermal properties of 3D printed 0-20BNPU-FCC single capillary EOPs.

3D printed 0-20BNPU-FCC single capillary EOPs were carried out over 300 seconds under the
same conditions as 60s tests. The response temperature versus time at various applied voltages
(±600 𝑉, ±800 𝑉 𝑎𝑛𝑑 ± 1000 𝑉) show that the temperature values ∆Τ of these EOPs remained
relatively steady, in Figure 6.13.
Frist of all, these EOPs showed a relatively steady performance over 300 s at 600 V in terms of
the temperature curves shown, rising obviously with the voltage at the beginning of the tests and
holding relatively steady with only minor temperature fluctuations during the test. The
temperature difference of the 0BNPU-BCC and 1BNPU-BCC EOPs was about 2 ℃, double the
figure of other EOPs at 600 V. The values ∆Τ of 3-20BNPU-FCC EOPs at 800 V were about 23 ℃, half the figure of 1BNPU-BCC samples and 1 ℃ lower than the figure of 0BNPU-BCC,
but double the figure of these samples at 600 V. However, at 1000 V, the temperature of these
samples changed significantly. Compared with other EOPs which had noticeable temperature
changes over 300s, the 20BNPU-FCC EOPs were the most stable sustaining a temperature
change of about 4 ℃. The 0BNPU and 1BNPU-FCC EOPs exhibited a relatively higher
temperature change with respect to the EOPs. Under these conditions the presence on higher BN
loadings had a positive effect on the dissipation of the heat from the capillary to the surrounding
environment, thereby decreasing the maximum temperature which the EOPs could reach during
the longer tests.
The thermal images of 0-20BNPU-FCC EOPs at the applied different voltages over 300s were
captured, Figure 6.14. It was noticeable to observe the capillary structures in the thermal images
when these printed EOPs were driven at 1000 V. For example, the whole printed capillary
structures in 0BNPU-FCC and 20BNPU-FCC EOPs were clearly shown with uniform colour
band in Figure 6.14A and 6.14E. However, at 800 V and 600 V this temperature variation was
not as apparent. This illustrates that the external high voltage such as 1000 V caused the higher
temperature within the capillaries.
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Figure 6.13 Graphs of the measured temperature difference versus the time before and after applying voltage (600V-1000V) along 0-20BNPU-FCC single capillary EOPs over 300s.(A)0BNPU-FCC EOPs;
(B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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Figure 6.14 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage (600V-1000V) over 300s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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6.4.3.2.2 300s-thermal properties of 3D printed 0-20BNPU-BCC single capillary EOPs.

3D printed 0-20BNPU-BCC single capillary EOPs were proceed under the same experimental
conditions as the FCC EOPs. Figure 6.15 shows the change of temperature values versus the test
time before and after the application of various voltages (±600 𝑉, ±800 𝑉 𝑎𝑛𝑑 ± 1000 𝑉) along
0-20BNPU-BCC single capillary EOPs. The temperature of these samples at applied voltages
experienced a generally similar change trend, having a significant increase at the beginning to
reach the plateau and then fluctuating over a relatively narrow range. EOPs exhibited a relatively
steady thermal performance over 300 s at 600 V, Figure 6.15. The temperature difference for the
0BNPU-BCC EOPs was 2 ℃, and double the temperature achieved for the other EOPs with BN
fillers at 600 V. It can be seen that 0BNPU and 1BNPU-BCC EOPs also had the relatively higher
temperature ∆Τ values than other EOPs of higher BN loadings when tested over 300 s. Here the
BN effectively dissipated the heat to the surrounding environment, thereby decreasing the
maximum temperature which the EOPs reached. The thermal images of 0-20BNPU-BCC EOPs
at the applied different voltages over 300s are shown in Figure 6.16. The capillary structures
were noticeable in the thermal images when these printed EOPs were at 1000 V. However, the
capillary structures of EOPs at 800 V were only partially seen in these images and could not be
seen at 600 V. At these lower voltages, the generation of the temperature or the heat in capillaries
was so small that the capillaries of EOPs clearly imaged by the thermal camera in these images.
In summary, the temperature of 0-20BNPU-BCC EOPs remained steady at voltages over 300s
and the maximum temperature achieved reduced with increasing BN loading.
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Figure 6.15 Graphs of the measured temperature difference versus the time before and after applying voltage (600V-1000V) along 0-20BNPU-BCC single capillary EOPs in 300s.(A)0BNPU-BCC EOPs;
(B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs.
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Figure 6.16 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage (600V-1000V) in 300s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.4.4

The flow properties of 3D printed 0-20BNPU single capillary EOPs using

Na2CO3 /NaHCO3 buffer.
The operation of the EOPs using Tris-CHES buffer (at various applied voltages) showed minor
impact of increasing BN loadings on the thermal properties, particularly after taking the effect
of the applied voltage and the geometry of capillary on the properties of EOPs into consideration.
Therefore, it is reasonable to test the EOPs using different buffer (with a higher ionic mobility),
in order to probe the thermal properties of the BN loaded EOPs.

6.4.4.1 The current values of 3D printed 0-20BNPU single capillary EOP
3D printed 0-20BNPU-FCC and 0-20BNPU-BCC single capillary EOPs were tested over 60
seconds using a 0.25 mM Na2CO3 /NaHCO3 buffer over 200 to 1500 V (absolute value).
6.4.4.1.1 60s-current values of 3D printed 0-20BNPU-FCC single capillary EOPs

Current responses of the 0-20BNPU-FCC single capillary EOPs versus the time show that they
were relatively symmetrical in the range of -25 𝜇𝐴~ 25 𝜇𝐴 when the voltage was from -1500 V
to +1500 V, Figure 6.17. It can also be seen that the current experienced a significant increase
with an ascending of voltage. Furthermore, the EOPs current responses were relatively stable
over ±200 V and ±400 V, but had a dramatic fluctuations at high voltage from ±600~±1500
V. Fluctuations ware a result of the generation of tiny bubbles which blocked capillary channel
flow.
The impact of BN loadings in PU on the current of EOPs was also observed in Figure 6.17. There
was no obvious impact upon the EOPs’ functionality due to an increasing amount of BN in PU,
in terms of the current range. However, there was a noticeable impact upon the current stability
with BN present, especially for the higher loadings. This was probably because the surface
quality and surface charge of composite BNPU materials were influenced by the BN loadings in
PU. Another reason was that the heat generated by the higher voltages was removed more
effectively from the EOP at higher BN loadings, which influenced the stability of flow.
6.4.4.1.2 60s-current values of 3D printed 0-20BNPU-BCC single capillary EOPs

Figure 6.18 shows that the measured current versus the test time with applied voltage along 020BNPU-BCC single capillary EOPs. Totally, the values of test current of these EOPs were
symmetrical in the range of -25 𝜇𝐴~ 25 𝜇𝐴 when the voltage was from -1500 V to +1500 V. At
the low voltages such as ±200 V~±400 V, the current responses from the EOPs remained steady
with only minor fluctuations over a narrow range. However, at higher voltages, such as ±1500
V, the current response was unstable over a in a board range. There was, however, a clear impact
of BN loadings on the current for the 10BNPU-BCC in Figure 6.18E and 20BNPU-BCC in
Figure 6.18F EOPs, where the current remained relatively steady within a narrow current range
at higher voltages (±800 V~±1500 V). This improvement is related to the improved heat
dissipation capabilities of the 10-20 BNPU-EOPs.
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6.4.4.1.3 Discussion of 60s-flow properties of 3D printed 0-20BNPU capillary EOPs

From Figure 6.17~6.18, it can be noted that the impact of applied voltage on the resultant current
of the EOPs, and the resultant flow properties of EOPs, was significant especially when the high
voltages were applied. Application of higher voltages was directly responsible for higher EOP
operation temperatures which negatively impacted on the flow stability of EOPs. Furthermore,
the generation of bubbles at higher voltages combined with the temperature influences further
affected the flow properties of EOPs. Both aspects resulted in the unstable fluctuations of flow
within the capillaries. The BN’s impact on the properties of the EOPs was observed especially
when EOPs with high BN loadings, as the current of EOPs were relatively steady at high
voltages, presumably due to the effective heat dissipation.
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Figure 6.17 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC single capillary EOPs over 60s per time.(A)0BNPU-FCC EOPs;(B)1BNPU-FCC EOPs; (C)3BNPUFCC EOPs;(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs;(F)20BNPU-FCC EOPs
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Figure 6.18 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC single capillary EOPs over 60s per time.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPUBCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.4.4.1.4 300s-current values of 3D printed 0-20BNPU-FCC single capillary EOPs

The flow properties of 0-20BNPU-FCC single capillary EOPs were tested at different voltages
(±600 V, ±800 V and ±1000 V) over 300s to determine device performance over longer
operation time.
Figure 6.19 shows the current values of 0-20BNPU-FCC single capillary EOPs over 300s
at ±600 V, ±800 V and ±1000 V, respectively. In Figure 6.19A, the current responses at ±600V
was relatively stable after a noticeable initial change in current was observed. For example, the
current values of 20BNPU-FCC EOPs at +600 V experienced a rapid increase to the maximum
values, about 7.5 𝜇𝐴, followed a noticeable decrease to about 4 𝜇𝐴 in the next 50s and remained
relatively steady at 4 𝜇𝐴 until the end. By contrast, the values of 0BNPU-FCC EOPs at -600 V
fluctuated obviously between -9 𝜇𝐴 and -6 𝜇𝐴 in the first 200s before increasing significantly
from -7.5 𝜇𝐴 to -2.5 𝜇𝐴 in the next 100s. Figure 6.19B shows the change trends of the current
values of 0-20BNPU-FCC EOPs at ±800 V. The current values of 3-20BNPU-FCC EOPs
remained relatively steady in a narrow range during tests, after a significant initial fluctuation.
This compared to the 0-1BNPU-FCC sample which had a considerable current variability during
the whole test
The relationship between the current and the time is shown in Figure 6.19C at ±1000 V. The
current of 0-3BNPU-FCC EOPs experienced dramatic fluctuations, however, the 5-20BNPUFCC EOPs experienced a relatively stable current. For example, the values of current for the 03BNPU-FCC EOPs at +1000V experienced a radical fluctuations, rising and falling rapidly
between the top (approximate 15 𝜇𝐴) and the bottom (about 5 𝜇𝐴), compared to the values of
20BNPU-FCC sample at +1000 V which held steady at 8 𝜇𝐴 in 250 s after experiencing a rapid
decrease in the first 50 s.
It should be mentioned that the current values of 10-20 BNPU-FCC EOPs was relatively stable
at the applied voltage. In comparison with the current responses observed for the 3-5BNPU-FCC
samples fluctuated slightly at lower voltages and more dramatically at higher voltage. For the 01BNPU-FCC samples the current response was not stable. This means suggests that the flow
properties of EOPs, especially the properties of the 0-1BNPU-FCC samples, were significantly
influenced by the joule heat generated by the use of the high voltage, however, the 10-20 BNPUFCC EOPs with high BN loadings in PU were only influenced slightly.
In summary, 0-20BNPU-FCC single capillary EOPs exhibited different flow pumping
performance at different voltages over 300s and the BN had an obviously positive impact on the
flow properties of EOPs at high voltages.
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Figure 6.19 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC single capillary EOPs over 300s. (A) ±600V; (B) ±800V; (C) ±1000V
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6.4.4.1.5 300s-current values of 3D printed 0-20BNPU-BCC single capillary EOPs

The flow properties of 0-20BNPU-BCC single capillary EOPs were investigated over 300 s tests
at ±600 V, ±800 V and ±1000 V. Current responses from 0-20BNPU-BCC single capillary
EOPs versus time show that these composites EOPs had a relatively stable operation at ±600 V
but had a significant change at ±1000 V.
In Figure 6.20A, 0-20BNPU-BCC EOPs at ±600 V maintained in current response over a narrow
range during the tests after a noticeable fluctuation the beginning. The current response of the 01BNPU-BCC EOPs at ±800 V, Figure 6.20B, had a modest current change during the test.
However, for the 3-20BNPU-BCC EOPs there was noticeable current change initially with a
relatively steady until the end of the tests, showing as similar change trends for the operation at
±600 V. At ±1000 V, the current responses of the EOP’s were relatively flat during the majority
of the tests after experiencing an initial current fluctuation. The exception to this trend was for
the 0BNPU-BCC EOP which had a remarkable instability.
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Figure 6.2031 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC single capillary EOPs in the testing time of 300s. (A) ±600V; (B) ±800V; (C) ±1000V
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6.4.4.2 The flow rates of 3D printed 0-20BNPU single capillary EOPs
6.4.4.2.1 60s-flow rates of 3D printed 0-20BNPU-FCC single capillary EOPs

Figure 6. 32 Graph of the flow rates versus the applied voltage along 0-20BNPU-FCC single capillary EOPs.

The volume flow rate of the 0-20BNPU-FCC EOPs using Na2CO3/NaHCO3 as buffer was
calculated by measuring the changes in height liquid head in micro capillary glass tubes. Figure
6.21 shows the dependence of the volume flow rates on the voltage applied along these capillary
EOPs. The flow rates of these EOPs increased dramatically with an increasing voltage (absolute
values), in a similar to the trend as the Tris-CHES buffer. The flow rates of these EOPs at the
positive voltages were near the same as the figure of EOPs at the negative voltages, which shows
the mirror symmetric trend lines in Figure 6.21. The observed flow rates of the EOPs was
relatively linear at low voltages ±200~±600 V but showed some deviation at higher voltage
from ±800~±1500 V. Here the flow was more influenced by the magnitude of the external
voltage and the size of capillaries, the impact of the surface charge with an increasing percentage
of BN.
In summary, 0-20BNPU-FCC single capillary EOPs exhibited some different performances at
different voltages when testing time was set up 60 seconds per time. The flow rates of these
pumps rose dramatically with a rising of voltages and impacted slightly by the BN loadings in
PU.
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6.4.4.2.2 60s-flow rates of 3D printed 0-20BNPU-BCC single capillary EOPs

Figure 6. 33 Graph of the flow rates versus the applied voltage along 0-20BNPU-BCC single capillary EOPs.

The flow rate of 0-20BNPU-BCC EOPs in Na2CO3/NaHCO3 buffer determined in the same way
as 0-20BNPU-FCC EOPs. Figure 6.22 illustrates the dependence of the volume flow rates on the
voltage applied over these capillary EOPs. The flow rates of these samples increased remarkably
with the ascending of voltages, in a trend similar to 0-20BNPU-FCC EOPs. It can also be clearly
seen that the flow rates of these EOPs at the positive voltages were near the same as the figure
of EOPs at the negative voltages. Significantly, BN in PU had a noticeable impact on the flow
due to the fact that 1-20BNPU BCC EOP samples were lower than the flow rates of 0BNPU
BCC samples.
Overall, the flow rates of two configurations of composites BNPU EOPs (0-20BNPU-FCC and
0-20BNPU-BCC EOPs) were highly influenced by the applied voltage and had a direct
relationship with the size of capillary, but were not affected obviously by the percentage of BN
in PU.

6.4.5

The thermal properties of 3D printed 0-20BNPU single capillary EOPs

using Na2CO3/NaHCO3 buffer.
6.4.5.1 60s-thermal properties of 3D printed 0-20BNPU single capillary EOPs
6.4.5.1.1 60s-thermal properties of 3D printed 0-20BNPU-FCC single capillary EOPs

3D printed 0-20BNPU-FCC EOPs were tested to determine BN thermal dissipation capabilities
over 60 seconds in 0.25 mM Na2CO3/NaHCO3 buffer. Temperature versus time plots show that
the resultant temperature was directly related to the applied voltages as well as the BN loadings
in PU.
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Figure 6.23A shows the temperature changes of 0BNPU-FCC EOPs over 60s at 400 V to 1500
V. Initially, the observed temperature increased dramatically on application of the driving
voltage. Or the 1-20BNPU-FCC EOPs temperature response trend was similar to the 0BNPUFCC EOPs. However, the maximum temperature was dependent upon the loading of BN in PU.
For instance, the maximum value (∆Τ) of 1BNPU-FCC EOPs at 1500 V was about 25 ℃, 6 ℃
more than the figure of 5BNPU-FCC EOPs and 0BNPU-FCC EOPs, 7.5 ℃ more than the figure
of 3BNPU-FCC EOPs and nearly double the figure of 10-20BNPU-FCC EOPs.
Thermal images in Figure 6.24 were acquired at the maximum temperature achieved during the
60s test. The clear thermal images were evident at the higher voltages illustrating joule heat
generation by the movement of liquid in the capillaries. Both the temperature curves and the
thermal images of the 0-20BNPU-FCC EOPs represent that the joule heating in the capillaries
had a slight impact on the thermal properties of EOPs at low voltages but had a noticeable impact
at high voltages. However, the impact of BN loadings on the heat dissipation was not noticeable
because of the slight difference of the maximum temperature observed on these samples.
6.4.5.1.2 60s-thermal properties of 3D printed 0-20BNPU-BCC single capillary EOPs

3D printed 0-20BNPU-BCC single capillary EOPs were studied under the same experimental
conditions as the FCC EOPs, Figure 6.25. The resultant temperature of the EOPs were directly
related to the applied voltages, ascending dramatically to the maximum with applied voltage over
60s and descending significantly back to original values without the voltage. The temperature
values of the 0-20BNPU-BCC EOPs were highly influenced by the applied voltages, showing as
similar trends to the FCC EOPs. The BN in PU also had a direct effect on the temperature of
BNPU-BCC EOPs, particularly at high voltage. The maximum difference of the temperature
(∆Τ) among these EOPs was about 34 ℃ at 1500 V occurring 0BUPU samples, nearly 14 ℃
more than the figure for 3BNPU at 1500 V and approximate triple the figure for 20BNPU sample.
Thermal images of 0-20BNPU-BCC EOPs in Figure 6.26 were captured at the maximum
temperatures achieved under the experimental conditions. The clear capillary structures were
seen in the thermal images when these printed EOPs were at high voltages such as 1000-1500 V.
In summary, both the temperature curves and the thermal images of the 0-20BNPU-BCC EOPs
show that the joule heating in the capillaries impacted slightly on the properties of EOPs at low
voltages but noticeably at high voltages. BN loadings had a positive impact on the heat
dissipation of EOPs at high voltage.
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Figure 6. 34 Graphs of the measured temperature difference versus the time before and after applying voltage (400V-1500V) along 0-20BNPU-FCC single capillary EOPs in 60s.(A)0BNPU-FCC EOPs;
(B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs; (D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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Figure 6. 35 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage (200V-1500V) in 60s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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6.4.5.1.3 Discussion of 60s-thermal properties of 0-20BNPU EOPs

Two configurations of composites BNPU EOPs (0-20BNPU-FCC and 0-20BNPU-BCC EOPs)
exhibited different thermal properties over 60s in terms of the various temperature curves, having
a relatively steady thermal prosperities in low voltage but having a significant fluctuation in high
voltage. From the Figure 6.23 and Figure 6.25, three types of temperature curves which present
three types of temperature changes of EOPs can be seen clearly. One type is that the temperature
values rose clearly to reach the maximum values and then kept the maximum values until the end
of tests. For example, in Figure 6.25F the temperature difference (∆Τ) of 20BNPU-BCC samples
increased rapidly to near 6 ℃ (the maximum value) in 50s and kept this value at the rest of the
10s at 1000 V. Similarly, the temperature value of 20BNPU-FCC in Figure 6.23F increased to 6
℃ in 30s and held steady at this value in the rest of 30s at 1000 V. Another type which is observed
frequently in Figure 6.25 and Figure 6.23 is that the values ascended continuously from the start
to the end to reach the maximum values. For example, the temperature difference (∆Τ) of
5BNPU-BCC samples in Figure 6.25D increased obviously to 5 ℃ at the first 30s of the test and
rose slowly to the maximum values 6 ℃ at the rest of the 30s at 800 V. The temperature of
5BNPU-FCC samples in Figure 6.23D grew up to 5 ℃ from the start to the end at 800 V. The
third type is that the values climbed continuously to reach the maximum values at first and then
dropped slightly at the rest of the time. For example, the temperature difference (∆Τ) of 1BNPUBCC samples increased rapidly to 30 ℃ at the first 40s of the test and decreased slowly to 25 ℃
at the rest of the 20s at 1500 V in Figure 6.25A. Therefore, different types of temperature curves
reflected different properties when these composites EOPs were operated over 60s. Furthermore,
it can be seen that BN loadings affected directly on the thermal properties of EOPs particularly
at high voltage.
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Figure 6. 36 Graphs of the measured temperature difference versus the time before and after applying voltage (400V-1500V) along 0-20BNPU-BCC single capillary EOPs in 60s.(A)0BNPU-BCC EOPs;
(B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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Figure 6. 37 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage (200V-1500V) in 60s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC EOPs;
(D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.4.5.2 300s-thermal properties of 3D printed 0-20BNPU single capillary EOPs
6.4.5.2.1 300s-thermal properties of 3D printed 0-20BNPU-FCC single capillary EOPs.

3D printed 0-20BNPU-FCC single capillary EOPs were studied over 300 seconds to establish
the influence of BN on thermal dissipation. Figure 6.27 shows the change of temperature versus
time at ±600 𝑉, ±800 𝑉𝑎𝑛𝑑 ± 1000 𝑉. The EOPs showed a relatively steady performance over
300s, rising with the voltage at the beginning of the test and fluctuating within a narrow range
during the rest of the tests. Compared with other EOPs the most noticeable changes in were seen
for the 10-20BNPU-FCC EOPs with stable temperature between 8.5 and 9 ℃. It was also
observed that 0BNPU and 1BNPU-FCC EOPs exhibited the relatively higher temperature values
than other EOPs. The thermal images of 0-20BNPU-FCC EOPs taken at the maximum
temperatures are shown in Figure 6.28. As noted previously, the external high voltage results in
higher capillary temperature.
In summary, the temperature of 0-20BNPU-FCC EOPs kept steadily in a narrow range at low
voltages and fluctuated significantly at higher voltages over the 300s test. The maximum
temperature which EOPs could reach at external voltages decreased with an increasing loading
of BN.

198

Figure 6. 38 The thermal images of 0-20BNPU-FCC single capillary EOPs before and after applying voltage (600V-1000V) over 300s.(A)0BNPU-FCC EOPs; (B)1BNPU-FCC EOPs; (C)3BNPU-FCC EOPs;
(D)5BNPU-FCC EOPs; (E)10BNPU-FCC EOPs; (F)20BNPU-FCC EOPs
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Figure 6. 39 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-FCC single capillary EOPs in the testing time of 300s. (A) ±600V; (B) ±800V; (C) ±1000V
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6.4.5.2.2 300s-thermal properties of 3D printed 0-20BNPU-BCC single capillary EOPs.

3D printed 0-20BNPU-BCC single capillary EOPs tested under the same experimental
conditions as the FCC EOPs. Figure 6.29 shows the change of temperature values of the 020BNPU-BCC single capillary EOPs before and after the application of various voltages at
±600 𝑉, ±800 𝑉 𝑎𝑛𝑑 ± 1000 𝑉. The temperature of these samples at various voltages
experienced similar change, having a significant increase at the beginning to reach the plateau
and then fluctuating in a different range even remaining steady at until the end of 300s test. The
0BNPU and 1BNPU-BCC EOPs had the relatively higher temperature ∆Τ values than other
EOPs when these samples were tested over 300s. Here, the BN could effectively dissipate the
heat to the surrounding environment, thereby decreasing and remaining the maximum
temperature which the EOPs could reach during the long-time tests. This also explains why the
10-20BNPU-BCC had a stable performance at high voltages.
The thermal images of 0-20BNPU-BCC EOPs as shown in Figure 6.30. Again, the capillary
structures were most noticeable in the thermal images at 1000 V, shown in Figure 6.30E and
6.30F (observed the uniform colour band) as well as in Figure 6.30A and 6.30C (non-uniform
colour band). The temperature of 0-20BNPU-BCC EOPs remained steady at low voltage and had
relatively obvious fluctuations at high voltages over 300s. The maximum temperature which
EOPs reach was influenced dramatically by an increasing percentage of BN in PU.
Two configurations of composites BNPU EOPs (0-20BNPU-FCC and 0-20BNPU-BCC EOPs)
exhibited a significant fluctuation at high voltage (±800~ ±1000 V) over 300s, however the BN
in PU had a positive effect on the thermal properties of EOPs especially at high voltage.
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Figure 6. 40 Graphs of the measured current versus the time when applied voltage along 0-20BNPU-BCC single capillary EOPs in the testing time of 300s.(A) ±600V;(B) ±800V; (C) ±1000V
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Figure 6. 41 The thermal images of 0-20BNPU-BCC single capillary EOPs before and after applying voltage (600V-1000V) over 300s.(A)0BNPU-BCC EOPs; (B)1BNPU-BCC EOPs; (C)3BNPU-BCC
EOPs; (D)5BNPU-BCC EOPs; (E)10BNPU-BCC EOPs; (F)20BNPU-BCC EOPs
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6.5

Conclusions

Composite BNPU materials (mass ratio of BN in PU: 0-20%) were successfully used to
fabricate FCC and BCC single capillary structures using a pneumatic extrusion-based
printing technique with a 400 𝜇𝑚-diameter print nozzle. Using a negative space printing
strategy, 3D-printed FCC and BCC capillaries of 172-275 𝜇𝑚 and 63-198 𝜇𝑚, were
produced respectively. These capillary structures were assembled into DC EOPs and the
flow and thermal properties of 0-20BNPU capillary EOPs investigated under different
buffer conditions. Using a Tris-CHES buffer, the flow rates and temperature of 0-20BNPU
capillary EOPs were affected by the increasing loading of BN in PU. However, the
performance of these devices was more influenced by the magnitude of the applied voltage.
A maximum operational temperature difference of 5 ℃ was observed between 0BNPUBCC and 10BNPU-BCC EOPs at 1500 V over 60s. The maximum flow rate of 0-20BNPUEOPs reached around 0.6 𝜇𝑙/𝑚𝑖𝑛 at 750 V/cm. With a Na2CO3/NaHCO3 buffer, the flow
rates and temperature values of 0-20BNPU capillary EOPs were more significantly
affected by applied voltage and loadings of BN in PU due to higher ionic conductivity and
mobility. The maximum flow rates of EOPs was approximate 1.3 𝜇𝑙/𝑚𝑖𝑛 at 750 V/cm.
For the BCC configuration, the maximum temperature of composites at 10-20BNPU-EOPs
was noticeably lower than the 0BNPU-EOPs, reaching 20 ℃ at 1500 V over 60s. Clearly,
the utilisation of BN had a positive impact on heat dissipation formed within an EOP.
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7

3D printed PLA/nanocarbon-composite
Electroosmotic Pumps

7.1

Abstract

A fused deposition modelling (FDM)-3D printing technique has been employed to
fabricate micro capillary structures based on face-centre cubic (FCC) and body-centre
cubic (BCC) filament arrangements using 0-10EFG/PLA composites as a heat dissipating
and surface charge component and subsequently investigated as a scalable electroosmotic
pump (EOP). These 3D printed capillary structures were demonstrated to be able to be used
as EOPs where the maximum flow rate of 3D-printed 5EFG/PLA-FCC and 10EFG/PLAFCC single capillary EOPs were 0.4 𝜇𝑙/𝑚𝑖𝑛 at 30 V/cm and 0.3 𝜇𝑙/𝑚𝑖𝑛 at 17.5 V/cm,
respectively. The study in this work is focused on the development of novel capillary EOP
structures and configurations using novel composites materials for incorporation into
microfluidic systems via a simple 3D printed architecture.

7.2

Introduction

The fused deposition modelling (FDM) technique has been shown in previous chapters as
an effective method to make microstructures and microchannels. Furthermore, FDM-3D
printed thermal plastic capillary samples were also proven to be functional elements of
electroosmotic pump devices. The flow rates of PLA-EOPs (Chapter 4) and TPU-EOPs
(Chapter 5) and BNPU-BCC EOPs (Chapter 6) were driven significantly by the high
applied voltage, however, the high temperature caused by high voltage negatively affected
the material properties of the capillaries and subsequently the conditions under which
successful flow took place. Although it was proven that BN with high thermal conductivity
had a dramatic impact on the temperature of 10~20BNPU-BCC EOPs (Chapter 6) at high
voltages, the flow rate of BUPU-EOPs were not improved, to some extent. Therefore, it
has been necessary to develop new materials with both high thermal conductivity and high
electrical conductivity which would improve the flow properties of capillary EOPs at low
operating voltages and stabilize the flow movement of EOPs at high operating voltages. In
order to prove this concept, carbon-based composite materials (carbon-black/PCL
nanocomposite15, carbon nanotube–polymer composites178 or graphene-based composite
materials179) are considered as an attractive choice to fabricate objects using the FDM
technique. There are numerous examples of these materials being employed for
applications such as, electrodes187, Li-Ion microbattery188-189, sensors190, micro‐
supercapacitors248, thermal-related applications191, and tissue engineering192.
As a type of nano-filled polymer matrix composite, graphene-based polylactic acid (PLA‐
graphene) composites have been developed for FDM printing249-251. These materials have
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been focused upon the improvement of properties of composite such as electrical
conductivity, mechanical and thermal properties. For example, graphene nanoplatelets
(GNPs) have been incorporated into PLA materials to fabricate conductive and
mechanically reinforced composites which provide high flexibility in designing
multifunctional 3D printed features252. Rigoberto C. Advincula253 and team first
demonstrated FDM-3D printing of a TPU/PLA/GO nanocomposite as a biocompatible
material with significant mechanical and thermal stability properties. Arvind Agarwal 254
et. al. reported FDM-3D printed graphene reinforced polylactic acid (PLA‐graphene)
composites with significant improvements in creep and wear resistance. Conductive
graphene doped polylactic acid (G-PLA) and pure PLA have been mixed and extruded to
manufacture a series of composites items with anisotropic heat and resistance distribution
performance using FDM technique255.
A recently developed type of carbon based nano-filler, edge functionalized graphene (EFG)
with its characteristics of re-dispersibility, electrocatalytic‐activity and/or chemical‐
reactivity has received significant attention for application in many devices for energy
conversion (e.g., fuel cells, solar cells) and storage (e.g., batteries)256. Thus, there is the
potential for EFG to be incorporated into polymer matrixes to enhance the physical
properties of the base polymer. One type of EFG polymer composite that has been widely
developed is EFG reinforced epoxy-based nanocomposites. For example, Oren Regev’s
group reported that edge-functionalized graphene nanoribbons (EF-GNRs) have a
significant effect on the mechanical properties of epoxy-based nanocomposite materials in
terms of high reinforcement efficiency with relatively low loading257. Liu’s group reported
electrical conductivity increase of 31.3% with the addition of 0.6 wt% edge-functionalized
graphene to an epoxy base258. Mechanical properties of epoxy nanocomposites reinforced
by functionalized carbon nanotubes and graphene nanoplatelets have been explored by
Hong’s group.

Here they reported that two-dimensional melamine-functionalized

graphene nanoplatelets were more effective one-dimensional melamine-functionalized
carbon nanotubes in terms of its reinforcement effects259. There are also examples of EFG
being compounded with other materials, including polyimide. For example, Yeo’s group260
and Zhuang’s group261 both demonstrated effective methods to improve thermomechanical
or thermostable properties of graphene polymer composites by in situ polymerization edgeselectively functionalized graphene (EFG) with polyimide. EFG has been demonstrated as
an effective filler to enhance polymer material properties therefore, there is further
potential here for 3D printing composite devices such as EOPs.
The main objective of this chapter is to investigate the effects that edge functionalised
graphene (EFG) on the flow properties of FDM-3D printed EOPs. PLA was chosen was
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biocompatible and shown to be an effective material for a 3D printed EOPs (Chapter 4). In
this work FDM-3D printing technique has been adapted to fabricate capillary structures
based on two configurations mentioned in previous chapters using EFG/PLA composites.
Furthermore, multi-channel parallel (multiplexed) capillary arrays using two independent
material supplies were produced based on face-centre cubic (FCC), body-centre cubic
(BCC) and cubic (AB2) dual filament arrangements, thereby extending the concept of 3D
printed complex architectures using multi-materials.

7.3

Experimental methods

7.3.1

3D-printing setup

A commercially available FDM printer (Me2, Me3D, Australia), based on the RepRap
open hardware project, was used to print capillary structures in this work. Preformed
thermoplastic filaments (Ø1.75 mm) were extruded through a common brass hot end with
extrusion nozzle diameter of Ø0.4 mm (see Section 2.1, Chapter 2, and Section 1.5 Chapter
1 for the printing setup).

Figure 7.0 The 3D printing setup for FCC (face centre cubic) and BCC (body centre cubic) capillary structures

7.3.2

3D-printing capillary samples preparation

EFG/PLA (composites were made by a collaborator-Joshua Brooks) and composite
capillary samples based on FCC and BCC structures and EFG/PLA multi-capillary samples
based on FCC, BCC and AB2 (A = PLA composite and B = PLA) structures were printed.
AB2 structures were printed via two primary processes where the fee filament was
interchanged in combination of manual step by step positional commands, and, automated
G-code instructions. Table 7.1 shows the printing preparation parameters of capillary
structures using these composite filaments.
Table 7.1 The printing preparation parameters of carbon-based composites PLA capillary structures.
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Material
EFG/PLA
EFG/PLA-PLA
LCGO/PLA-PLA
EFG/LCGO/PLA-PLA

7.3.3

Structure
FCC
BCC
FCC
AB2
FCC
AB2
FCC
AB2

T(°C)

185-205

F(mm/min)

1000

E(mm)

X(mm)/shift

Z(mm)/shift

5-6

0.35-0.4

0.25-0.30

3D printed capillary electro-osmotic pumps (EOPs) package and

characterization
A schematic overview of the experimental setup for EO pumps is shown in Figure 2.1 in
Chapter 2. The EO pumps design consisted of two reservoirs, 3D printed capillary
structures and glass capillary tubes. Pt wires were inserted into the top of the capillary tubes
to serve as an electrode. With each flow-rate experiment, pressurized injections of solution
into the capillary were made to ensure complete removal of air, and ensure that the system
was primed. A LabSmith HVS448 High Voltage Sequencer was used to generate the
electric field. The flow rate was calculated by measuring the change in volume in the glass
tubes and dividing by the change in time. Composite 0-10EFG/PLA capillary EOPs were
tested and graphs of flow rate of these pumps versus electric field are shown in Section
7.3.1.

7.3.4

Chemicals

All solutions were made with deionized water (18.3 MΩ; Millipore, Bedford, MA) and
filtered with a 0.22 𝜇𝑚 nitrocellulose membrane filter (Fisher Scientific, Fairlawn, NJ).
Carbonate buffer solutions, pH 10.0, with concentrations of 1.25mM and 2.50mM
respectively, were prepared from commercial sodium bicarbonate (Sigma) and sodium
carbonate (Sigma) in D.I. water.

7.4

Results and discussion

7.4.1

3D printed EFG/PLA composites EOPs

7.4.1.1 Morphology characterization of 3D printed 0-10EFG/PLA single
capillary FCC and BCC structures
3D printed composite EFG/PLA single capillary structures with mass weight of EFG in
PLA of 0%, 5% and 10% based on face centre cubic (FCC) and body centre cubic (BCC)
filament arrangements were successfully fabricated, Figure 7.1.
The resultant microchannels (capillaries) of FCC structures were observed to be welldistributed with mainly irregular quadrangle cross-sectional capillary shape, similar to the
schematic design. Particularly, the number of capillaries in these printed FCC capillary
structures was the same as the intended print design. Compared to the BCC schematic
design, 0EFG/PLA-BCC samples were seen to be well formed, however, the micro208

channels of 5-10EFG/PLA-BCC structures were not as well distributed with different sizes
of triangular capillary. It was found experimentally that FCC capillary structures were more
reliably fabricated than BCC structures more closely matched the designed capillary spatial
distribution and number.
There were a number of reasons that led to differences between the “as designed” and “as
printed” capillary structures. Firstly, there was non-uniformity in diameter across the
length of the in-house manufactured composite filament (Diameter range of 1.68 to 1.89
mm). This non-uniformity led to pulsation at the FDM extruder outlet. This in turn led to
variation in the geometry of created capillaries. In the worst cases the varied extruded
filament dimensions led to collapsed or obstructed capillaries (particularly evident in BCC
structures), and/or incomplete sealing on outer boundaries. The occurrence of these issues
increased with the addition of greater proportions of EFG to the base PLA. This was due
to a decrease in printability at higher EFG loadings. The decreased printability was
visualised by roughening of the extruded surfaces which in turn led to a greater proportion
of blocked capillary structures. These effects were not as pronounced in FCC
configurations due to the larger designed space between filaments. As such, 0-10EFG/PLA
composites were proven to be suitable to print capillary structures, especially the FCC
configurations.
A1

B1

C1

D1

Widt
h

B2

C2

D2

Height

A2

Figure 7.1 The cross-sectional images of the FCC and BCC single capillary structures using the extruded pure PLA (grey)
and composites EFG/PLA (black). (A1)0EFG/PLA-FCC; (A2)0EFG/PLA-BCC; (B1)5EFG/PLA-FCC; (B2)5EFG/PLABCC; (C1)10EFG/PLA-FCC; (C2)10EFG/PLA-BCC; (D1) schematic FCC structure; (D2) schematic BCC structure

The structural data of characteristics capillary area and structures for these printed 010EFG/PLA capillary samples (shown in Figure 7.1) are given in Table 7.2.
For FCC samples, the dimensions (the widths and heights) of printed capillaries in FCC
structures were about 125-197 𝜇𝑚. The average capillary area of 10EFG/PLA-FCC singlecapillary sample was 1.62 × 104 𝜇𝑚2 , 0.3 × 104 𝜇𝑚2 more than for 10EFG/PLA sample
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and three times that of 5EFG/PLA sample. The overall area of 0-10EFG/PLA-FCC sample
was from 4.28 to 5.56 × 105 𝜇𝑚2 .

Table 7.2 The dimensions of 3D printed 0-10EFG/PLA composites FCC and BCC single capillary structures
(Theoretical values of designed structures are shown in Table 3.1 and 3.2.)
Material-structure

EFG/PLA-FCC

The number of capillaries
Mass weigh of EFG in PLA

EFG/PLA-BCC

1

1

1

4

2

1

0

5

10

0

5

10

4

2

1.33±0.59

0.656±0.323

1.62±0.50

0.62±0.25

1.80±0.71

2.95±0.86

5

2

4.33±0.26

5.56±0.52

4.28±0.29

6.50±0.34

5.56±0.42

6.19±0.42

Capillary overall area (10 𝜇𝑚 )

1.33±0.59

0.656±0.323

1.62±0.50

0.62±0.25

1.80±0.71

2.95±0.86

A holes/ A structure ratio

2.98%

1.24%

3.80%

0.96%

3.26%

4.89%

Capillary width (𝜇𝑚)

191±46

128±40

197±28

121±14

255±82

263±80

Capillary height (𝜇𝑚)

194±53

125±44

192±27

111±30

171±56

220±34

Capillary average area (10 𝜇𝑚 )
FCC/BCC overall area (10 𝜇𝑚 )
4

2

For BCC samples, the dimensions of samples were from 111 𝜇𝑚 to 255 𝜇𝑚. The average
capillary area of 10EFG/PLA sample was 2.9× 104 𝜇𝑚2, near double the figure of
5EFG/PLA sample and near five times the figure of 0EFG/PLA sample.
These differences between FCC and BCC structures are attributed to three factors. The first
one is the printing processes. For BCC samples, the latter extruded filaments were arranged
in the middle of former extruded filaments before they were solidified completely, instead
of arranging directly on the top of former filaments in FCC samples. This more compressed
printing structure led to the collapse and blockage of some capillaries. Secondly, the
original composite filaments were not uniformly formed in terms of consistency of
diameter along the length of filament (Diameter range 1.68 to 1.89 mm). This dramatically
affected the dimension of the extruded filaments and in turn the capillaries after printing,
resulting in partially blocked capillaries and/or failures at sealing points at capillary
boundaries. Finally, the surface properties of extruded composite filaments were changed
with an increasing amount of EFG. The surface roughness of extruded filaments of
10EFG/PLA increased to a point that made it difficult to form the capillaries with small
size in BCC structures.

7.4.1.2 Morphology characterization of 3D printed 0-10EFG/PLA multicapillary FCC and BCC structures
3D printed 0-10EFG/PLA multi-capillary FCC and BCC structures were produced
according to the same experimental conditions as the single capillary samples. The crosssectional images of these multi-capillary samples are shown in Figure 7.2. The 4-capillary
FCC structures were well formed in terms of the uniform number and distribution of the
capillaries, while the BCC samples were not well-formed due to inconsistent numbers of
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open capillaries and the large variance in capillary cross-sectional areas, in a similar
tendency of BCC single capillary structures, as discussed above.
Table 7.3 shows the specific information about these printed composite 0-10EFG/PLA
multi-capillary samples. The average area of capillaries in FCC samples was relatively
similar, about 1.28-1.96 × 104 𝜇𝑚2, whereas for BCC samples there was a large range of
0.32-2.90 × 104 𝜇𝑚2. The average dimension of the capillaries in FCC was slightly
different, about 174-218 𝜇𝑚 in width and 171~ 206 𝜇𝑚 in height, while the figure in BCC
samples was obviously different, 82 ~238 𝜇𝑚 in width and 63 to 207 𝜇𝑚 in height. On
the other hand, the overall area of BCC and FCC structures was similar, about 1.0
× 106 𝜇𝑚2 .

A1

B1

A2

C1

B2

D1

C2

D2

Figure 7.2 The cross-sectional images of the FCC and BCC mufti-capillary structures using the extruded pure PLA (grey)
and composites EFG/PLA (black). (A1)0EFG/PLA-FCC; (A2)0EFG/PLA-BCC; (B1)5EFG/PLA-FCC; (B2)5EFG/PLABCC; (C1)10EFG/PLA-FCC; (C2)10EFG/PLA-BCC; (D1) schematic FCC structure; (D2) schematic BCC structure

Table 7.3 The dimensions of 3D printed 0-10EFG/PLA composites FCC and BCC multi-capillary structures
(Theoretical values of designed structures are shown in Table 3.1 and 3.2.)
Materialstructure

EFG/PLA-FCC
4

Theoreti
c-FCC

Theoreti
c-BCC

3

4

9

_

_

0.343

0.0063

1.27

1.31

0.137

0.057

EFG/PLA-BCC

The number of capillaries

4

4

5

Mass Weigh of EFG in
PLA
Capillary average area
(106 𝜇𝑚2)
FCC/BCC overall area
(106 𝜇𝑚2)
Capillary overall area
(106 𝜇𝑚2)

0

5

10

0

5

10

1.28±0.
48
9.14±0.
22
5.13±1.
92

1.54±0.
52
9.84±0.
57
6.18±0.
20

1.96±0.
25
10.0±0.
53
7.79±1.
00

0.322±0.0
95

2.90±0.
67
9.96±0.
29
8.70±2.
03

1.94±0.5
3
10.53±0.
31
5.82±1.6
2

10.5±0.16
1.78±0.53

7

A holes/ A structure ratio

5.57%

6.43%

6.05%

1.14%

8.79%

5.53%

10.83%

4.36%

Capillary width (𝜇𝑚)

174±38

200±27

218±22

82±10

238±37

202±53

400

200
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Capillary height (𝜇𝑚)

171±36

184±45

206±19

63±6

197±16

207±43

400
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7.4.1.3 The flow properties of 3D printed 0-10EFG/PLA FCC single capillary
EOPs using Na2CO3 /NaHCO3 buffer solution.
Composite FCC capillary structures were deemed the most appropriate to be assembled
into EOPs, based upon the printability limitations. The operation of printed EOPs were
subsequently examined to determine flow properties of these printed EOPs under different
experimental conditions.
7.4.1.3.1 The 60s-current values of 3D printed 0-10EFG/PLA-FCC single capillary

EOPs
In order to investigate the flow properties of 0-10EFG/PLA EOPs at variable applied
potential, electrical current flow rate through produced 0-10EFG/PLA EOPs was examined
over a defined range of applied potentials. 3D printed 0-10EFG/PLA-FCC single capillary
EOPs were tested using 1.25 mM Na2CO3 /NaHCO3 buffer over 60 second operation cycles
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from 100 to 1500 V.
Figure 7.3 Graphs of the measured current versus the applied voltage along 0-10EFG/PLA-FCC single capillary EOPs.
(A)0EFG/PLA-FCC EOPs;(B)5EFG/PLA-FCC EOPs; (C)10EFG/PLA-FCC EOPs

Current flow responses for three different FFC EOP variations (0EFG/PLA-FCC,
5EFG/PLA-FCC, & 10EFG/PLA-FCC) are presented in Figure 7.3 A-C. There was a
significant and steady increase in current with increased applied voltage. Instability when
operating over an applied potential threshold value was seen as a decrease in current at a
fixed potential. In Figure 7.3A, the current (absolute value) of 0EFG/PLA-FCC samples
was steady up to ±1200 V, however, this trend was broken at ±1500 V, where a rapid
decrease in flow was recorded after approximately 10s of operation within the 60s cycle.
In Figure 7.3B, the current (absolute value) of 5EFG/PLA-FCC samples held steady at a
consistent level during the tests at the external voltage (±100 ~ ±600 V), before the values
fluctuated or dropped at ±800 V and higher. The current values of 10EFG/PLA-FCC
samples in Figure 7.3C had a radical current fluctuation when operated ±500 V. Given that
the EOP performance, and in particular stability, was determined from the systems current
response liquid flow in 0-10EFG/PLA-FCC EOPs can be driven smoothly, but this reduces
with increased concentration of EFG within the composite.
Unstable flow in EOPs was attributed numerous factors. The first was bubble formation
within capillaries. Tiny bubbles were generated within capillaries at elevated applied
potentials. The bubble formation process would continue throughout the 60s experimental
cycle magnifying the negative effect and leading to a continued decrease in current flow.
It is proposed that another factor could be variation of the surface quality of produced
capillaries based on EFG loading. From the cross-sectional images of 0-10EFG/PLA, the
surface roughness increased with an increasing amount of EFG in PLA. This could highly
influence the flow in the capillary by limiting or blocking liquid flow through the
capillaries, especially under high voltage conditions. This may explain why the
10EFG/PLA EOPs only worked effectively below 400 V.
The third factor is electrical conductivity through the capillary. While the print media did
not have and directly measurable electrical conductivity, some regions of capillary samples
may have become conductive at elevated loadings of EFG, especially when the high
voltage was applied. Finally, the EFG may surface absorb, changing the surface chare (zeta
potential), affecting the flow processes inside the capillary.
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7.4.1.3.2 60s volumetric flow rates of 3D printed 0-10EFG/PLA-FCC single capillary

EOPs
As a key measure of EOP performance, the volumetric flow rate of Na2CO3/NaHCO3
buffer through 0-10EFG/PLA-FCC EOPs was characterised by measuring change in height
of liquid head in micro capillary glass tubes.

Figure 7.4 Graphs of the flow rates versus applied voltage along 0-10EFG/PLA-FCC single capillary EOPs.

Figure 7.4 shows the dependence of the volume flow rates on applied voltage. Firstly, EOP
flow rates increased dramatically with increased applied voltage. For example, the flow
rates of 0EFG/PLA-FCC single capillary EOPs rose to the maximum recorded value,
approximate 2.1 𝜇𝑙/𝑚𝑖𝑛, with an applied voltage of 1500 V. Similarly, the maximum flow
rate values of 5EFG/PLA-FCC EOPs and 10EFG/PLA-FCC EOPs reached 0.4 and
0.3 𝜇𝑙/𝑚𝑖𝑛, when the applied voltage reached 600 V and 350 V, respectively. It was also
evident that the magnitude of volumetric flow within the tested EOPs displayed a
symmetric behaviour for corresponding positive and negative voltages, Figure 7.4.
Another factor associated with EOP flow rate was the percentage (mass weight) of EFG in
PLA. An increasing percentage of EFG may have a dramatic impact on the surface charge
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and the surface roughness of composite PLA. The flow rate of EOPs with high EFG
loadings can be easily influenced by the low voltage, due to the surface charge of composite
FCC-EOPs containing more functional groups such as –C+=O or –COO-. Furthermore, the
surface roughness of samples affects the electrical field, resulting in a non-uniform EOF.
A periodic pressure field which makes the central flow velocity smaller than that in the
near wall region may be induced by the surface roughness of channels, therefore, the flow
rate through the rough microchannel is influenced dramatically. It should also be
mentioned that the geometry of capillaries is another factor that influences the flow rate of
EOPs, but here it seems that the impact is slight. As shown in Table 7.2, the capillary size
of 5EFG/PLA-FCC EOPs was smaller than that measured for 0EFG/PLA and
10EFG/PLA-FCC EOPs. However, the flow rates of 5EFG/PLA-FCC samples at 300 V
were approximate 0.23 𝜇𝑙/𝑚𝑖𝑛 which was close to the figures of 0EFG/PLA and
10EFG/PLA-FCC EOPs.
7.4.1.3.3 60s-thermal properties of 3D printed 0-10EFG/PLA single capillary EOPs

Figure 7.5 Graph of the temperature values versus applied voltage along 0-10EFG/PLA-FCC single capillary EOPs.

Considering the key role of the thermal properties of EOPs, 3D printed 0-10EFG/PLAFCC single capillary EOPs were tested over 60 second operation cycles with 1.25 mM
Na2CO3/NaHCO3 buffer at applied voltages common to the previous section. Plots of the
change of temperature values versus time with and without the various voltages applied
along 0-10EFG/PLA-FCC single capillary EOPs show that the temperature increased with
and increased applied voltages. Figure 7.5A displays temperature change data of
0EFG/PLA-FCC EOPs when theses samples were operated over 60s using voltages from
215

200 V to 1500 V. The temperature difference at 1500 V was approximately 25 ℃, almost
double the value of 13°C recorded for 1200 V, and close to ten times the temperature
difference recorded at 600 V. At an applied voltage of 400 V a negligible, but stable,
temperature increase of only 1 ℃ was observed. This means that the temperature within
EOPs is highly influenced by the magnitude of applied voltage.
5EFG/PLA-FCC and 10EFG/PAL-FCC EOPs were then employed to further test the
relationship between applied voltage and EOP operating temperature using the same
experimental conditions shown in Figure 7.5B and 7.5C, respectively. For a given voltage
such as 400 V, the observed temperature values of these samples experienced a clear
increase with the voltage, and was steady until the end of the tests. In each test case, once
the applied voltage was removed the recorded temperature would return to its initial
baseline value. These studies found that the magnitude of temperature increase under the
sample applied voltage conditions.

Figure 7.6 Graph of the temperature values versus applied voltage (200V and 400V) along 0-10EFG/PLA-FCC single
capillary EOPs

Figure 7.6 shows the temperature when 0-10EFG/PLA EOPs at 200 V and 400 V. No
obvious change was observed for these EOPs at 200 V, however, there was noticeable
change of temperature when these sample were at 400 V. The ∆𝑇 for 10EFG/PLA sample
before and after applying 400 V was approxiamtely 1.2 ℃, 0.5 ℃ higher than the figure of
0EFG/PLA and 2.5-fold the figure of 5EFG/PLA. The reason of ∆𝑇 for 0-10EFG/PLA
has two-fold. Firstly, both the surface roughness and surface charge of 10EFG/PLA
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influenced dramatically the flow movement in the capillary. The non-uniform flow and the
accumulation of bubbles further caused an increase of the temperature, even though the
voltage was at 400 V. Secondly, the size of capillary for 5EFG/PLA was much smaller
than others (shown in Table 7.3), which increased current and as a result temperature.

7.4.2

3D printed carbon-based composites capillary structures

Operation of the single capillary 0-10EFG/PLA FCC EOPs show that the EOP operation
at various EFG loadings, however high EFG loadings compromised the operation at
elevated applied voltages. Both decreased printability of loaded composites and resultant
roughened surfaces have been proposed as factors leading to the poorer operation.
Therefore, new designs of structures and filaments need to be developed to offset the
negative impact of these factors.

7.4.2.1 Morphology characterization of 3D printed 0-10EFG/PLA-PLA
multi-capillary FCC and AB2 structures
As previously discussed above, the dimensions of composite filaments before printing was
not uniform and influenced the form and size of capillaries when printed. In order to reduce
the impact of non-uniform composite filaments on the capillaries commercial PLA with
uniform dimension was used in combination with the modified composites 0-10EFG/PLA.
Here a proof-of-concept study was made to surround a 3D printed 0-10EFG loaded
filament with extruded commercial PLA filaments in FCC and BCC arrangements with
and AB2 print configuration. Through this approach a multi-material capillary structure
could be formed.
Figure 7.7 shows cross-sectional images of example capillary structures based on FCC and
AB2 configurations using commercial PLA and composite EFG/PLA respectively.
A1

B1

C1

D1

E1

F1

A2

B2

C2

D2

E2

F2

Figure 7.7 The cross-sectional images of the capillary structures using the commercial PLA (green and red) and composites
EFG/PLA

(black).

(A1)0EFG/PLA-FCC;

(A2)0EFG/PLA-AB2;

(B1)2EFG/PLA-FCC;

2

2

(B2)2EFG/PLA-AB2;

(C1)5EFG/PLA-FCC; (C2)5EFG/PLA-AB ; (D1)7.5EFG/PLA-FCC; (D2)7.5EFG/PLA-AB ; (E1)10EFG/PLA-FCC;
(E2)10EFG/PLA-AB2; (F1) schematic FCC structure; (F2) schematic BCC structure
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The composite EFG/PLA and PLA FCC 4-capillary structures were printed successfully,
as demonstrated by the consistent and well-distributed capillaries in Figures 7.7- A1, B1,
C1, D1 and E1. The BCC AB2 capillary formats can be seen in Figures 7.7- A2, B2, C2,
D2 and E2 were printed as well. The BCC structural arrangement did not result in
consistent and repeatable capillaries, when compared with the intended design layout. This
is was due to the close proximity of printed filaments magnifying the effect of any
inconsistency in the dimension of the composite filament. However, the fidelity of printed
AB2 capillary structures was better than those printed BCC structures in Figure 7.2. In
summary, from Figure 7.7, multi-capillary structures based on FCC and AB2 filament
arrangement were printed using composites 0-10EFG/PLA and commercial PLA, which to
some extent to offset the impact of dimensional inconsistency of composites filament.
Table 7.4 The dimensions of 3D printed 0-10EFG/PLA-PLA composites FCC and AB2 multi-capillary structures
Material-structure
The number of
capillaries
Mass Weigh of EFG
in PLA
Capillary average
area (104 𝜇𝑚2 )
FCC/AB2 overall
area (106 𝜇𝑚2 )
Capillary overall area
(106 𝜇𝑚2 )
A holes/ A structure ratio
Capillary width (𝜇𝑚)
Capillary height (𝜇𝑚)

EFG/PLA-PLA-AB2

EFG/PLA-PLA-FCC
4

4

4

4

4

6

8

7

7

6

0

2

5

7.5

10

0

2

5

7.5

10

1.30±
0.70
9.64±
0.22
5.20±
1.29

1.23±
0.30
8.59±
0.18
4.90±
1.02

1.40±
0.30
8.59±
0.30
5.60±
1.00

0.83±
0.30
8.38±
0.26
3.30±
0.98

1.50±
0.40
8.98±
0.14
6.00±
1.23

0.410±
0.10
7.81±0
.26
2.44±1
.36

0.11±0
.09
10.47±
0.10
2.90±1
.25

0.54±0
.095
9.59±0
.13
3.81±0
.68

0.25±
0.20
9.62
±0.30
1.74±
2.26

0.56±
0.30
9.51±
0.10
3.37±
0.96

5.39%

5.70%

6.52%

3.94%

6.68%

3.12%

0.86%

3.97%

1.81%

3.54%

199±5
0
183±3
8

191±3
5
187±3
3

181±1
2
198±3
0

126±2
8
152±1
5

185±2
3
198±3
5

54±53

82±16

68±30

65±33

99±27

109±6
3

56±8

69±53

67±43

93±51

Table 7.4 shows the structural data of these printed composites 0-10EFG/PLA and
commercial PLA multi-capillary samples. Firstly, the average area of capillaries in FCC
samples was about 0.8-1.5 × 104 𝜇𝑚2 which was close to the figure of 0-10EFG/PLA-FCC
samples (shown in Table 7.3), whereas the figure in AB2 samples was 1.1-5.6
× 103 𝜇𝑚2 which was in a smaller range than the figure of 0-10EFG/PLA-BCC samples
(shown in Table 7.3) The average dimension of the capillaries in FCC was about 126-200
𝜇𝑚 , larger than the figure in AB2 samples from 56 to 109 𝜇𝑚, in a similar range to the
dimensions for 0-10EFG/PLA capillaries (Table 7.3). On the other hand, the overall area
of AB2 and FCC structures was similar, about 1.0 × 106 𝜇𝑚2, which was approximate to
the figure of capillary structures in Table Therefore, it can be seen that BCC capillary
structures were relatively well formed in term of the small range of capillaries’ dimensions
and capillaries’ distribution.
Overall, compared with the multi-capillary structures using 0-10EFG/PLA composites in
Section 7.3.1, the 0-10EFG/PLA-PLA samples based on FCC and AB2 were fabricated
well, which providing more possibilities to explore the properties of composites EOPs.
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However, the properties of EOPs were not done due to the time limitation.

7.5

Conclusions

3D-printed 0-10EFG/PLA capillary structures based on FCC and BCC filament
arrangements were successfully fabricated by manually controlling printer operation and
examined as DC driven EOPs. The flow rates of 3D-printed 5EFG/PLA-FCC and
10EFG/PLA-FCC single capillary EOPs were tested and the results show maximum flow
rates of 0.4 𝜇𝑙/𝑚𝑖𝑛 at 30 V/cm and 0.3 𝜇𝑙/𝑚𝑖𝑛 at 17.5 V/cm, respectively. Due to the
negative impact of surface roughness and printability from the EFG/PLA composites on
the properties of EOPs, new design and composites materials were then developed to
address observed printability limitations. Nanocarbon-PLA composite filaments were
extruded and arranged with commercial PLA filaments to form BCC and AB2 multicapillary structures, thereby providing new capillary configurations for the FDM- 3D
printed EOPs using carbon-based composite materials.
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Chapter 8 Conclusions and outlook
8.1

Conclusions

3D printed microfluidics and its applications have attracted significant attention with the
rapid development of 3D printing techniques in recent years. Although an increasing
number of research projects have been undertaken to develop different microfluidic
devices using 3D printing for various applications, there is still a long way to go to create
practical microfluidic devices with low cost and accurate diagnose features. The main goal
of this thesis was to develop fully functional FDM-3D printing capillary EOPs. In
achieving this a unique negative space printing strategy was developed to fabricate
capillary structures based on FCC (face centre cubic) and BCC (body centre cubic) logpile like filament assemblies. With this approach capillaries (or microchannels) from 40250 𝜇𝑚, a dimension that is critical for the use in EOPs and/or microfluidics devices, were
successfully formed using commonly utilised print nozzles of 400 𝜇𝑚 in diameter. Clearly
these print nozzles were over twice the diameter required for functional microcapillaries.
Furthermore, well-distributed and uniform capillaries were demonstrated to be readily
fabricated in FCC format. The FCC configuration was shown to be a more practical and
reliable structure when formalized in an EOP. Using the BCC format, the capillaries that
were generally formed had relatively smaller dimensions. The BCC also had a more
significant print fidelity issue, due to a collapse of the smallest capillaries, which reduced
the overall number of functional capillaries in a given EOP. Nevertheless, the BCC layout
did produce viable and functional EOPs albeit with the limitation that there was a
significant difference between the print-design and the actual capillary numbers that
resulted when printed. In addition, commercially available polymers, such as PLA,
elastomeric TPU, as well as in-house developed nanofiller modified polymers (such as
EFG/PLA and BNPU/PLA) were also found to suitable for printing the FCC/BCC EOP
capillary structures. Significantly, a fully functional and integrated 3D printed EOP device
was shown to be able to be produced in a single print process utilizing the FCC capillary
format demonstrating the utility of this approach base upon low cost and widely assessable
FDM printing systems. The following paragraphs review the significance of each chapter.
Chapter 1: 3D printing techniques particularly FDM, microfluidics and EOPs were
introduced. It was noted that the limits of the types of materials and time-consuming
fabrication process have delayed the further development of EOPs as well as others
microfluidic devices. Novel fabrication methods and new materials need to be further
developed to streamline microfluidics system into a broader research field. Also, it was
found that FDM-3D printed capillary structures and EOPs have not been considered to be
feasible, which was the main aim that discussed in the thesis.
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Chapter 3: Commercial thermoplastic materials such as PLA, PVC and PS were used as
the main materials to investigate the possibility of fabricating capillary structures using a
negative space printing technique. The concepts of FDM-3D printed capillary structures
based on FCC (face centre cubic) and BCC (body centre cubic) log-pile like filaments
arrangements by controlling G-code were demonstrated to form the capillaries with 40-250
𝜇𝑚 dimensions, thereby improving upon the low-resolution limitations of the FDM
printers.
Chapter 4 and Chapter 5: After 3D printed capillaries structures were demonstrated, PLA
with biocompatibility and TPU with remarkable flexibility were chosen to fabricate
capillary samples by controlling the print configurations to produce capillary structures
based on FCC and BCC filament arrangements using FDM-3D printers. The dimensions
of 3D-printed PLA and TPU capillaries produced using the negative print space concept
were similar and typically fell within the ranges of 90-190 𝜇𝑚 and 80-200 𝜇𝑚,
respectively. The capillaries formed using this approach were significantly smaller than the
300 𝜇𝑚 (and larger) microchannels that have been produced by others using a traditional
3D printing approach (see discussion in Chapter 1, Section 1.4.3). The approach taken
utilised negative space printing which deliberately aimed to manufacture microchannels
not otherwise printable using a more typically FDM approach. The printed PLA and TPU
capillary structures were shown to be able to sustain a significantly high pressureresistances without any leakage (under 1500 psi at 6.5 ml/min pump flow for PLA, under
800 psi at 5 ml/min pump flow for TPU), indicating excellent capillary integrity and
interlayer adhesion. Furthermore, due to the inherent flexibility of TPU printed media,
these capillaries could be easily bent and knotted (into a figure-8). There was no significant
impact of the knotted structures on the pressure and flow movement when compared with
unknotted samples.
PLA and TPU printed capillary structures were readily utilised as DC driven EOPs and
their optimal operational parameters determined. Results shows the maximum flow rate of
PLA and TPU single capillary EOPs reached 1.0 𝜇𝑙/𝑚𝑖𝑛 and 1.25 𝜇𝑙/𝑚𝑖𝑛, respectively,
at fields of up to 750 V/cm. The flow rates of EOPs were directly related to the geometry
of capillaries, the applied voltage, as well as the electrolyte composition. The effect of
capillary’s geometry shows that the flow rates were decreased with the length of capillary
but increased with the cross-sectional area of capillary. The magnitude of the applied
voltage also had a significantly impact on the flow rates of EOPs, however, at higher
voltages non-linear flow deviations were observed due to Joule Heating. The flow rates of
the PLA and TPU EOPs we also found to increase with a decrease in buffer concentration
and with an increase of pH.
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Other competitive flow factors such as head pressure (causing back flow or siphoning) and
Joule heating (causing non-linear flow) were investigated in this thesis. The head pressure
experienced during the initial EOPs set-up had a minor influence on the initial flow rate of
the EOPs, particularly TPU-BCC EOPs operated for 70 mins steadily at fields of 300 V/cm.
Joule heating was observed to have a dramatic effect on flow rates by affecting the viscosity
of electrolytes. Electrolytic gas bubble generation at higher voltages also influenced the
flow rates of EOPs resulting in current fluctuations and unstable behaviour due to transient
blockages forming within the capillary. Additionally, increasing the number of capillaries
was shown to boost the flow rate of EOPs with the major limitations arising for the power
supply limitations. Finally, a more complex 3D printed PLA EOPs devices were printed in
a single printing process and exhibited a steady performance. Overall, the concept of
generating FDM-3D printed PLA and TPU- FCC and BCC capillary structures for EOPs
was shown to be both feasible and reproducible.
Chapter 7: Notably, for the PLA-EOP and TPU-EOP, Joule heating was always a
problematic issue, especially operating the EOP at higher driving potentials. Joule heating
creates a non-linear flow behaviour and in extreme cases thermal deformation. Removing
heat from capillary structures is therefore an effective way to stabilize the flow properties
of capillary EOP. The approach taken here was to increase the thermal conductivity of the
EOP print media in order to facilitate and improve heat dissipation. BNPU composite
materials (mass ratio of BN in PU: 0-20%) were employed to fabricate FCC and BCC
single capillary structures using a pneumatic extrusion-based printing technique. FDM
printing was not successful due to the PU being too soft resulting in poor filament feed
rates into the print head. Using the negative space printing strategy, 3D-printed FCC and
BCC capillaries of 172-275 𝜇𝑚 and 63-198 𝜇𝑚, were produced respectively. After these
structures were assembled into DC EOPs, the flow and thermal properties of BNPU
capillary EOPs were then investigated under different experimental conditions. With a
Na2CO3/NaHCO3 buffer, the flow rates and temperature values of 0-20BNPU capillary
EOPs were observed to be more significantly affected by applied voltage and loadings of
BN in PU due to higher ionic conductivity and mobility. The maximum flow rate of single
capillary EOPs with different percentages of BN in PU was observed to reach 1.5 𝜇𝑙/𝑚𝑖𝑛
at fields of up to 750 V/cm. The maximum temperature difference between unfilled PU
EOPs (mass ratio BN in PU 0%) and filled 20% w/w BNPU-EOPs was 20 °C. Clearly, the
utilisation of BN had an impact upon the dissipation of heat formed within an EOP during
operation. Through this approach challenge of minimising Joule heating at high operation
voltages was achieved.
Chapter 8: In order to broaden the scope of potential application of 3D printed EOPs into
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different fields, 3D-printed EFG/PLA capillary structures with 0 to 10% w/w EFG were
produced based upon FCC and BCC filaments arrangement. The flow rates of 3D-Printed
5EFG/PLA-FCC and 10EFG/PLA-FCC single-capillary EOPs were tested. The result
show that a maximum flow rate of 0.4 𝜇𝑙/𝑚𝑖𝑛 at 600 V (20 mm in length) and 0.3 𝜇𝑙/𝑚𝑖𝑛
with 350 V (20 mm in length), respectively. In addition, LCGO/PLA, EFG/LCGO/PLA
and EFG/PLA composites filaments were extruded and arranged with commercial PLA
filaments to form FCC, BCC and AB2 multi-capillary structures, providing new capillary
configurations for the FDM-3D printed EOPs in the future.
In summary, this thesis successfully employed a negative space printing strategy to
manufacture capillary structures with utility in a simple EOP structure suitable for
microfluidic applications. Furthermore, new materials such as BUPU and carbon-based
PLA composites were adapted to fabricate novel design of microchannels or capillaries.
The summary of 3D printed electroosmotic pumps in this thesis was listed in Appendix 8
(Table 1.0).

8.2

Outlook

This thesis investigated a unique design for making capillaries using FDM technique via a
fundamental study of flow in the 3D printed capillaries and its application (EOP) in the
field of 3D printed microfluidics - a field which is still in its infancy. Although some of the
many different challenges relating to microchannel and capillary fabrication in
microfluidic applications have been tackled in this thesis, many additional challenges in
material extrusion based 3D printing microfluidics and its applications remain for future
study and development.

8.2.1

Capillary structures

The effect of the printing parameters on the dimensions of capillaries has been discussed
in Chapter 3~7. For example, the cross-sectional capillary geometry is mainly determined
by the layer height and the extruded line width, which was a line with the result reported
by Arias’s group262. However, it is challenging to control these parameters to form welldistributed and uniform capillaries, especially for BCC configuration structures which have
relatively smaller capillaries. It would be useful to further refine the printing parameters
such as temperature, federate etc. as well as the properties of the print materials given better
control the printing procedure. Another challenge is the shape control of capillaries,
particularly in regard to the formation of circular or rectangular microchannels and
capillaries, which are widely used in the microfluidics. To achieve this goal it would be
useful to employ modify the printer nozzles with different shapes to form circular and
rectangular capillaries by regularly stacking extruded filaments with specific extrusion
profiles with additional fine tuning of the printing parameters to hold the desired profile
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shape. The third aspect is the size of capillaries. Capillaries with 10-100 𝜇𝑚, and even less
than 10 𝜇𝑚, in dimension would be achievable by using small size nozzles (100 or 200 𝜇𝑚
in diameter) and adjusting printing parameters (e.g. X, Y or Z values). However, reducing
the extruder nozzle diameter will increase the pressure within the extruder print head during
the printing process and therefore require a more expensive print head assemble which may
be counterproductive in regard to lower production cost and accessibility. Form this thesis
work it was shown that capillaries with smaller sizes partially increase the flow rates of
EOPs and effectively dissipate the heat. In summary, printing parameters and materials
properties which all directly affect the form of capillary sizes, shapes, numbers and
distributions, will further affect the application of capillary structures in the field of
microfluidics and further development is warranted.

8.2.2

Composites materials and complex architectures

Due to the obvious advantages of extrusion-based 3D printing techniques, such as high
user accessibility and a board rang of materials, composite materials with complex
architectures inspired by biological systems has significant potential application in the EOP
field. For example, magnetically assisted multi-material 3D printing platform consisting of
complex heterogeneous composite materials with intricate shape, local texture and local
composition have been demonstrated by the André R. Studart’s group185. Liquid-crystalpolymer structures with hierarchical architectures, complex geometries and unprecedented
stiffness and toughness have also been 3D printed, thereby opening up the possibility to
freely design and create structures without the typical restrictions of current manufacturing
processes193. Therefore, this aspect of free design provides us with more opportunities and
possibilities to 3D print complex structures using composites or multi-materials. The
concept of composites capillary structures has been briefly investigated tried in Chapter
7. By considering the many other composite materials available, it would be feasible to
create 3D printed capillary EOPs with these materials and investigate their unique
properties and potential usage in these devices.

8.2.3

Wearable microfluidic devices

Wearable devices for in situ monitoring biological analysis in body fluids, such as sweat,
have received increasing attention in recent years, as sweat is a bodily fluid that is
constantly released through the skin and contains numerous biomarkers which can also be
monitored to determine user health263-265. Microfluidic devices can potentially fulfil the
requirements of wearable systems due to the capability by the development of flexible and
biocompatible pumping system for applications such as the development of in situ sweat
analysis. One example of this is a flexible microfluidic device that adheres to human skin
can collect and analyse sweat (such as lactate, glucose, and chloride ion concentrations)
224

during exercise266. A novel sweat collection device consisted of a hydrogel disc, a PDMS
microfluidic channel and a biosensor membrane was made towards to wearable humandevice interfaces267. A wearable disposable microfluidic device incorporates micro-Light
Emitting Diodes as a detection system was fabricate to real time monitor pH of the sweat
generated during an exercise period51. However, 3D printed wearable microfluidics
devices268-270 as a biosensors has received little attention. It would be therefore valuable to
develop 3D printed flexible and wearable devices based on the capillaries or microchannels structures using transparent and biocompatible materials such as hydrogel,
PDMS, polyurethane, etc., to collect and analyse body fluids. Figure 8.1 illustrates a simple
wearable device for collecting and analysing the sweat, designed by Orlin D. Vele’s
group267, which provides us a good example to make devices using 3D printing. The basic
concept of 3D printed wearable devices could include a extrusion-based printing hydrogel
reservoir, a extrusion-based printing PDMS or PU capillary structures and a biosensor or a
detector271. Furthermore, the electrodes could be integrated at the end of capillary structures
to provide fluid analysis or separation. Here the concept of flexible TPU capillary EOPs
(Chapter 5) could play in a significant role in the development of future microfluidic based
analytical devices.

Figure 8.1 (a and b) Schematic of the novel sweat collection concept device.

8.2.4

Thermal management devices

Composites polymer materials including ceramic-based material such as boron nitride
(BN) composites238, 272-273 and carbon-based materials such as graphene, LCGO and EFG
developed increasing interest in the thermal management field 191. In addition, 3D printing
has offered many significant advantages in the fabrication of structures and devices. For
example, 3D printed thermally conductive and highly aligned boron nitride
(BN)/poly(vinyl alcohol) (PVA) composite (denoted as a-BN/PVA) fibres have been used
to make textiles which have significant thermal transport properties for personal cooling242.
3D printed composites thermal-related devices would therefore be worthy for further study.
Considering that BN, with high thermal conductivity, can have a positive impact on the
heat dissipation of BNPU-EOPs as discussed in Chapter 6, 3D printed composites (such
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as BN/PU and EFG/PU) capillary structures with flexibility and high thermal conductivity
can be adapted into thermal management applications such as personal cooling devices. As
a result, it would be very interesting to investigate how these composites capillary
structures could be employed in other thermal management devices and strategies.

8.2.5

Tissue engineering

3D printing particularly bioprinting has provided unprecedented opportunities to fabricate
biological materials and complex structures for tissue culture274-275. For example, the
combination of cells, biocompatible hydrogels and inorganic particles has been extensively
explored in the printing process to the manufacture advanced scaffolds for tissue
regeneration276. Another example is that 3D carbohydrate glass filament networks have
been developed as a sacrificial template containing living cells to generate cylindrical
networks for engineered tissues277. 3D printed PLA EOPs (have been proven in Chapter
4) have been shown to be able to move buffer solution, such as PBS which is a biologically
relevant buffer system. Integration of the EOP in cell cultures systems may provide new
avenues for refreshing the buffer during cell culture, or even transporting drug media into
and cell metabolites out cell cultures.

8.2.6

Optofluidics

Optofluidics278-281 is a new technique which combines optics and microfluidics to exploit
novel properties and functionalities for different applications such as sensing 282,
analysing283-284 and energy285. Considering that 3D printing has shown its unique
advantages in the fabrication of microfluidics, 3D printing could be useful technique for
the fabrication of optofluidic devices as well, especially for the devices with complex
multilayer structures. For example, 3D printing has been used to make room-temperature
curable silk hydrogels into various 2D and 3D formats for bio-photonic use286. Here, it may
be possible to 3D print microstructures or microchannels using materials with optical
transparency to form optofluidics devices
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. In these devices the stable fluid pumping is

a key challenge for optofluidic device288 application and 3D EOPs may be highly suited to
future device development and application.
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Appendices
Appendix 1
Theory of flow movement in micro-channels
Micro-channels with the ubiquitous nature in microfluidics usually have small overall
volumes, laminar flow, and a large surface-to-volume ratio. Flow is normally non-turbulent
in these channels due to low Reynolds numbers. The Reynolds number is a nondimensional parameter that gives the ratio of the inertial forces to the viscous forces. The
Reynolds number is given by the equation
𝑅𝑒 =

𝜌𝑓 𝑉𝑎𝑣𝑔 𝐷
𝜇

(1)

where 𝜌𝑓 is the density of the fluid, 𝜇 the viscosity, 𝐷 the characteristic length for the flow
and 𝑉𝑎𝑣𝑔 the average
velocity. Under most practical conditions, the flow in a circular pipe is laminar for 𝑅𝑒 ≲
2300. For flow though noncircular pipes, the Reynolds number is based on the hydraulic
diameter 𝐷ℎ defined as
𝐷ℎ =

4𝐴𝑐
𝑝𝑤

(2)

where 𝐴𝑐 is the cross-sectional area of the channels and 𝑝𝑤 is its wetted perimeter. 𝐷ℎ is
defined as d (diameter), cross-section is circular. 𝐷ℎ =

4𝑊𝐻
𝐻+𝑊

(3), 2W and 2𝐻 is the

hydraulic side, cross-section is rectangular channel. 𝐷ℎ = √3 𝐴⁄3 (4), 𝐴 a is the hydraulic
A

B

C

Figure1-2. Schematic illustrations of microchannels with different cross-section (A: circular; B: rectangular; C:
triangular)

side, cross-section is triangular channel (equilateral).
Therefore, the combination between formula (1) and (2), the Reynolds number can be
calculated to show if the flow in micro channels is laminar or not.
A main theory can be used to explain manipulation of the flow movement in microchannels is the electroosmotic flow (EOF)100 and surface interactions. EOF101 is a
phenomenon inherent to a solid-liquid interface. The interpretation of this phenomenon
was accomplished by von Helmholtz 102 using an electric double layer (EDL) model104-105.
This electrical double layer consists of an inner Stern layer (counter-ions layer) and an
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outer mobile diffuse layer44. An electrostatic potential known as the ζ potential is formed,
with the magnitude of the potential decreasing as distance from the surface increases. An
equation called the Poisson-Boltzmann equation is used to describe the ion and potential
distributions in the diffuse layer. The EDL screens the bulk solution, which is electrically
neutral outside of the EDL. The screening length is known as the Debye length and is given
by128
𝜀 𝑅𝑇

𝜆𝐷 = √𝐹2𝑒𝑧2 𝐶 (5)
𝑖

𝑖

(𝜀𝑒 is the electric permittivity of the medium; 𝑅 is the gas constant; 𝑇 is the temperature;
𝐹 is the Faraday’s constant; 𝑧𝑖 the valence of the 𝑖 th species and 𝑐𝑖 the concentration of
the 𝑖 th species). The thickness of the diffuse layer is dependent on the bulk ionic
concentration and electrical properties of the liquid, usually ranging from several
nanometers for high ionic concentration solutions up one or two microns for pure water
and pure organic liquids (with extremely low ionic concentration)289.
The application of an external electric field across the channel results in a net force on the
ions in the EDL. When the ions in the diffuse layer move under the influence of the electric
field, they drag the rest of the surrounding fluid along with them due to the viscous effect,
resulting in bulk fluid motion known as electro-osmotic flow.
The equations describing the velocity field, 𝑣, of the fluid phase are those of momentum
conservation:
𝜕𝑣

𝜌𝑓 ( 𝜕𝑡 + 𝑣 𝛻𝑣) = −𝛻𝑝 + 𝓊𝛻 2 𝑣 + 𝜌𝑒 𝐸(𝜔𝑡) (6)
Where 𝑣 is the flow velocity, 𝑡 is the time, 𝜌𝑓 is the fluid density, 𝑝 is the fluid pressure,
𝜌𝑒 is the net charge density, 𝓊 is the fluid viscosity and 𝐸(𝜔𝑡) is a general time periodic
function with a frequency 𝜔 = 2𝜋𝑓 which describes the applied electric field strength. For
pure electroosmotic flows (i.e. 𝛻𝑣 = 0) of incompressible liquids, the Navier-Stokes
equations take the following form 290,
0 = −𝛻𝑝 + 𝓊𝛻 2 𝑣 + 𝜌𝑒 𝐸(𝜔𝑡)(7)
The net charge density comes from the distribution of ions in the EDL which from
Poisson’s equation is
𝜀∇2 𝜓 = −𝜌𝑒 (8)
where 𝜀 is the dielectric constant or function of the fluid and 𝜓 is the potential distribution
of the EDL. Assuming that the Boltzmann distribution applies, the equilibrium Boltzmann
distribution equation can be used to describe the ion concentration as follows:
𝑐𝑖 = 𝑐𝑖∞ 𝑒𝑥𝑝 (−

𝓏𝑖 𝑒𝜓
𝒦𝑏 𝑇

) (9)

where 𝑐𝑖 , is the ionic number concentration of the ith species, 𝑧𝑖 , is the valence of type-i
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ions, 𝑐𝑖∞ is the ionic number concentration in the bulk solution, e is the fundamental
electric charge, T is the absolute temperature and𝒦𝑏 is Boltzmann's constant. The net
charge density can then be expressed in terms of the Boltzmann distribution, which for a
symmetric electrolyte is given by:
𝓏𝑒𝜓
𝑏𝑇

𝜌𝑒 = 𝓏𝑒(𝑐+ − 𝑐− ) = −2𝓏𝑒𝑐∞ sin ℎ ( 𝒦

) (10)

where 𝓏 is the valence, 𝑐∞ is the concentration of the bulk electrolyte, 𝑒 the charge of an
electron, 𝒦𝑏 the Boltzmann constant and 𝑇 the temperature of the fluid.
For arbitrary electrolyte solutions which may contain asymmetric ions, on approximate
solutions to the P-B Equation has been introduced by Marmur 291 to present guidelines for
the choice of the best expression under any given conditions after summarizing former
cases292-294, the net volume charge density 𝜌𝑒 is given by:
𝜌𝑒 = ∑ 𝓏𝑖 𝑒𝑐𝑖 = 𝑒 ∑ 𝓏𝑖 𝑐𝑖∞ 𝑒𝑥𝑝(−

𝓏𝑖 𝑒𝜓
𝒦𝑏 𝑇

) (11)

Eq.(11) can reduce to Eq.(10) when 𝓏𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, i.e. symmetrical ions.
By substituting equation (8) into equation (10) and equation (11), the governing differential
equations for the potential distribution become:
2

∇ 𝜓=
2

∇ 𝜓=

2𝓏𝑒𝑐∞ sin ℎ(

𝓏𝑒𝜓
)
𝒦𝑏 𝑇

𝜀

(12)

𝓏 𝑒𝜓
−𝑒 ∑ 𝓏𝑖 𝑐𝑖∞ 𝑒𝑥𝑝(− 𝑖 )
𝒦𝑏 𝑇

𝜀

(13) (more general form of P-B equation)

By transforming the Debye-Huckel parameter as 𝜅 2 =

2𝓏 2 𝑒 2 𝑐∞
(which is
𝜀𝒦𝑏 𝑇

determined by the

liquid properties only, such as the valence and the bulk ionic concentration), and the non𝓏𝑒𝜓
𝑏𝑇

dimensional electrical potential ψ∗ = 𝒦

, the P-B equation, Eq.(12) cab be written as

∇2 ψ∗ = 𝑘 2 𝑠𝑖𝑛ℎ ψ∗ (14)
Therefore, the electrical potential distribution Ψ of the EDL can be obtained by solving
this equation with appropriate boundary conditions and the local charge density 𝜌𝑒 can be
determined by equation (10).
1
𝜅

It should be noticed that , related to Debye-Huckel parameter, is normally referred to as
the thickness of EDL and is a function of the electrolyte concentration. An example of how
1
𝜅

to calculated , consider that pure water at T =298K and use the following parameters: 𝜀 =
𝐶2

78.5, 𝜀0 = 8.85 × 10−12 𝑁𝑚2, 𝑒 = 1.602 × 10−19 𝐶, 𝒦𝑏 = 1.381 × 10−23 𝐽/𝐾 and 𝑁𝑎 =
6.022 × 1023 /𝑚𝑜𝑙. Note that the bulk ionic number of concentration and is expressed in
term of the molarity M (mole/liter) by: 𝐶∞ = 1000 𝑁𝑎 𝑀, so the

1
𝑘

3.04
√𝑀

=𝑧

× 10−10 (𝑚), for

a symmetrical electrolyte, 𝑧 = 1, the length is 3.0nm when the concentration is 10−2 mol/l.
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Electroosmotic flow in a cylindrical microchannel
Electrical double layer in a cylindrical microchannel
Consider an electroosmotic flow of an aqueous electrolyte solution in a cylindrical
microchannel with a circular cross-section, as illustrated in Figure 1-2A. With these
assumptions that the bulk composition of the solution is uniform and the channel wall has
uniform and constant charge or zeta potential along the entire channel and both ends of the
mirochannels are subject to the atmosphere pressure.
The equations (8), (10) and (11) can be rewritten into
𝜕2 𝜓

1 𝜕

𝜕𝜓

𝜀 ( 𝜕𝑟2 ) = 𝑟 𝜕𝑟 (𝑟 𝜕𝑟 ) = 𝜌𝑒 (15)
𝜌𝑒 (𝑟) = 𝑒 ∑ 𝓏𝑖 𝑐𝑖∞ 𝑒𝑥𝑝 (−

𝓏𝑖 𝑒𝜓
𝒦𝑏 𝑇

𝓏𝑒𝜓
𝑏𝑇

) = −2𝑒𝑐∞ 𝑒𝑥𝑝 ( 𝒦

𝓏𝑒𝜓
𝑏𝑇

) = −2𝑒𝑐∞ 𝑠𝑖𝑛ℎ( 𝒦

) (16) for a

symmetric electrolyte solution such as KCl,
𝜌𝑒 (𝑟) = 𝑒 ∑ 𝓏𝑖 𝑐𝑖∞ 𝑒𝑥𝑝 (−

𝓏𝑖 𝑒𝜓
𝒦𝑏 𝑇

𝑒𝜓

3𝑒𝜓

𝑏

𝑏

) = −3𝑒𝑐∞ [exp (𝒦 𝑇) − exp (− 𝒦 𝑇)] (17) for a non-

symmetric electrolyte such as LaCl3
Substituting the equation of the net charge density into the Poission equation, Eq.(15), and
introducing the dimensionless variables
ψ∗ =

𝑒𝜓
𝒦𝑏 𝑇

𝑟
𝑑

r∗ =

(d is the diameter of the microchannel), the non-deimensional P-B

equation can be described as follow,
𝜕𝜓∗

1 𝜕

𝜌𝑒 (𝑟) = 𝑟 ∗ 𝜕𝑟∗ (𝑟 ∗ 𝜕𝑟∗ ) =

−2𝑒 2 𝑑 2 𝑐∞
𝑠𝑖𝑛ℎ( ψ∗
𝒦𝑏 𝑇𝜀

) (18) for a symmetric electrolyte solution

such as KCl;
∗
1 𝜕
∗ 𝜕𝜓
(𝑟
)
∗
∗
∗
𝑟 𝜕𝑟
𝜕𝑟

=

3𝑒 2 𝑑 2 𝑐∞
[𝑒𝑥𝑝(
𝒦𝑏 𝑇𝜀

ψ∗ ) − 𝑒𝑥𝑝(−3ψ∗ )] (19) for a non-symmetric electrolyte

such as LaCl3.
Because of the symmetry of the EDL field in the cylindrical capillary, Eq. (18) and Eq.
(19) are subjected to the following non-dimensional boundary conditions:
r ∗ = 0,

𝜕𝜓∗
𝜕𝑟 ∗

= 0 (20a)
𝑒ζ
𝑏𝑇

r ∗ = 0.5, ψ∗ = 𝒦

(20b) where ζ is the zeta potential, a measurable electrical potential at

the shear plane.
Electro-osmotic flow field in a cylindrical microchannel
The motion of the aqueous electrolyte solution in a cylindrical microchannel is governed
by Navier-Stokes equation (6) which can be reduce to equation (21),
1 𝜕

𝜌𝑓 𝑟 𝜕𝑟 (𝑟

𝜕𝑣𝑧
)
𝜕𝑟

= −𝛻𝑝 + 𝜌𝑒 𝐸(𝜔𝑡) (21)

with these assumptions that the flow is one dimensional, steady state and fully developed,
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then the velocity components are described by
𝑣𝑟 = 0 (22a)
𝑣𝜃 = 0 (22b)
𝑣𝑧 = 𝑣𝑧 (𝑟)(22c)
The Eq.(20) can be reduced to
1 𝜕
𝜕𝑣
(𝑟 𝜕𝑟𝑧 )
𝑟 𝜕𝑟

= 𝜌𝑒 𝐸(𝜔𝑡)/𝜌𝑓 (22) with 𝛻𝑝 term in the above equation is zero.

Substituting the Eq.(16) and Eq.(17) for the net charge density into Eq.(22) and introducing
the following non-dimensional variables,
𝑣𝑧 ∗ =

𝑣𝑧 𝑑 ∗
,r
𝐷

𝑟

= 𝑑 where D is the diffusion coefficient, the non-dimensional equation of

motion can be obtained,
∗
1 𝜕
2𝑒𝑐∞ 𝑑 3
∗ 𝜕𝑣𝑧
(𝑟
)=
𝑠𝑖𝑛ℎ(
∗
∗
∗
𝑟 𝜕𝑟
𝜕𝑟
𝜌𝑓 𝐷

ψ∗ ) 𝐸(𝜔𝑡) (23) for a symmetric electrolyte solution such as

KCl;
∗
1 𝜕
∗ 𝜕𝑣𝑧
(𝑟
)
𝑟 ∗ 𝜕𝑟 ∗
𝜕𝑟 ∗

=

3𝑒𝑐∞ 𝑑 3
[𝑒𝑥𝑝(ψ∗
𝜌𝑓 𝐷

) − 𝑒𝑥𝑝(−3ψ∗ )]𝐸(𝜔𝑡) (24) for a non-symmetric

electrolyte such as LaCl3.
Eq. (23) and Eq. (24) are subject to the no-slip and symmetric boundary conditions:
r ∗ = 0,

𝜕𝑣𝑧
𝜕𝑟 ∗

= 0 (25a)

r ∗ = 0.5, 𝑣𝑧 ∗ = 0 (25b)
The Debye-Huckel approximation assumes that the value of ψ is small (i.e., ψ < 25mV),
which can be used to simplify the P-B equation such as Eq.(23), so that the approximation
can be made:
𝓏𝑒𝜓
𝑏𝑇

𝑠𝑖𝑛ℎ ( 𝒦

𝓏𝑒𝜓
𝑏𝑇

)≈𝒦

(26)

Therefore, the local net charge density distribution and the velocity profile can be obtained
analytically:
𝐼 (𝜅𝑟)

𝜌𝐷𝐻 ( 𝑟 ) = 𝜀𝜅 2 𝜁 𝐼0(𝜅𝑅) (27)
0

𝑣𝐷𝐻 ( 𝑟 ) =

𝜀𝐸(𝜔𝑡)𝜁
𝐼 (𝜅𝑟)
(1 − 𝐼0(𝜅𝑅))
𝜌𝑓
0

(28)

where Io is the zero-order modified Bessel function of the first kind; 𝜀 is the dielectric
constant of the liquid, the subscript 𝐷𝐻 indicates the Debye-Huckel approximation.
Eq.(28) show that the electro-osmotic flow velocity is a function of the applied electrical
field strength and zeta potential.

Electroosmotic flow in rectangular or triangular microchannels.
In practice, micro-channels used in electronic cooling, miniaturized chemical analysis and
biomedical diagnostic instruments are made by modern micromachining technologies. The
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cross-section of the micro-channels is close to rectangular shape or triangular shape.
Therefore, the characteristics of electroosmotic flow in rectangular (as illustrated in Fig.12B) and triangular (as illustrated in Fig.1-2C, for generality, the cross section of the
triangular microchannel is set as an equilateral triangle295with a border length 𝑏 and
height ℎ.) microchannels are needed to be understood as well.
Electrical double layer field in a rectangular microchannel
When the channel is filled with an electrolyte solution, the electric double layer (EDL) is
generated because of the interactions between the ions in the electrolyte solution and the
static charges on the dielectric channel walls, therefore, the 2D EDL field in the rectangular
cross section of the microchannel, Poisson equation (8) can be described by:
𝜕2 𝜓

𝜕2 𝜓

( 𝜕𝑥 2 + 𝜕𝑦 2 ) = −

𝜌𝑒
𝜀

(29);

Substituting the Boltzmann equation (9) and equation (10) into the above expression, the
P-B equation is obtained:
𝜕2 𝜓

𝜕2 𝜓

𝓏𝑒𝜓
𝑏𝑇

𝜕2 𝜓

𝑒𝜓

3𝑒𝜓

𝑏

𝑏

( 𝜕𝑥 2 + 𝜕𝑦 2 ) = 2𝓏𝑒𝑐∞ 𝑠𝑖𝑛ℎ ( 𝒦

) /𝜀 (30) for a symmetric electrolyte solution such as

KCl;
𝜕2 𝜓

( 𝜕𝑥 2 + 𝜕𝑦 2 ) = −3𝑒𝑐∞ [exp (𝒦 𝑇) − exp (− 𝒦 𝑇)]/𝜀

(31)

for

a

non-symmetric

electrolyte such as LaCl3;
Along the planes of symmetry, the following symmetry boundary conditions apply:
At 𝑥 = 0

𝜕𝜓
𝜕𝑥

= 0 (32a)

At 𝑦 = 0

𝜕𝜓
𝜕𝑦

= 0 (32b)

Along the surfaces of the solution domain, the potential is the zeta potential:
At x= 𝐻 𝜓 = 𝜁 (32c)
At 𝑦 = 𝑤 𝜓 = 𝜁 (32d)
The Poisson-Boltzmann equation (25) and (26) and the boundary conditions can be
transformed into non-dimensional equations by introducing the following dimensionless
variables:
𝑥

𝑥 ∗ = 𝐷 (33a)
ℎ

∗

𝑦 =

𝑦
𝐷ℎ

(33b)

𝑒𝜓

ψ∗ = 𝒦 𝑇(33c) where 𝐷ℎ is the hydraulic diameter, as shown equation (3),
𝑏

The non-dimensional form of the Poisson-Boltzmann equation is obtained:
𝜕 2 ψ∗

𝜕 2 ψ∗

𝜕 2 ψ∗

𝜕 2 ψ∗

( 𝜕𝑥 ∗2 + 𝜕𝑦∗2 ) = (𝜅𝐷ℎ )2 𝑠𝑖𝑛ℎ(ψ∗ ) (34)
( 𝜕𝑥 ∗2 + 𝜕𝑦∗2 ) = (𝜅𝐷ℎ )2 [𝑒𝑥𝑝( ψ∗ ) − 𝑒𝑥𝑝(−3ψ∗ )] (35)
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where 𝜅 is the Debye-Huckle parameter; and 𝜅𝐷ℎ is often referred to as the electrokinetic
diameter.
Electroosmotic flow field in a rectangular microchannel
When the solution flow is steady and fully developed, the general equation of motion can
be reduced to a balance between the viscous or shear stresses in the fluid and the externally
imposed electrical field force:
𝜕2 𝑣

𝜕2 𝑣

𝓊 (𝜕𝑥 2 + 𝜕𝑦2 ) = 𝐹𝑥 (36), where 𝐹𝑥 is the electrical force per unit volume of the liquid,
which is related to the electric field strength and the local net charge density as follows:
𝐹𝑥 = 𝜌𝑒 𝐸(𝜔𝑡) (37)
The flow of the electrolyte solution equation (6) in the triangle or rectangular microchannel
(2-dimensional) is further described as
𝜕2 𝑣

𝜕2 𝑣

𝓏𝑒𝜓
𝑏𝑇

𝓊 (𝜕𝑥 2 + 𝜕𝑦2 ) = −2𝓏𝑒𝑐∞ 𝑠𝑖𝑛ℎ ( 𝒦

𝜕𝑝

) 𝐸(𝜔𝑡) + 𝜕𝑧 (38)

for a symmetric electrolyte solution such as KCl;
𝜕2 𝑣

𝜕2 𝑣

𝑒𝜓

3𝑒𝜓

𝑏

𝑏

𝜕𝑝

𝓊 (𝜕𝑥 2 + 𝜕𝑦2 ) = −3𝑒𝑐∞ [exp (𝒦 𝑇) − exp (− 𝒦 𝑇)] + 𝜕𝑧 (39)
for a non-symmetric electrolyte such as LaCl3;
𝜕𝑝
𝜕𝑧

In addition, if there is no pressure gradient, the term ( =0) on the right hand side of Eq.
(38) and Eq. (39).
The following boundary conditions apply along the planes of symmetry:
At 𝑥 = 0

𝜕𝑣
𝜕𝑥

= 0 (40a)

At 𝑦 = 0

𝜕𝑣
𝜕𝑦

= 0 (40b)

Along the surface of shear (the surface of the solution domain), the velocity boundary
conditions are given by:
At x= 𝐻 𝑣 = 0 (40c)
At 𝑦 = 𝑊 𝑣 = 0 (40d)
The equation of motion can be non-dimensionalized using the following additional
transformations:
𝑣 ∗ = 𝑣/𝑉 (41a)
𝐸 ∗ (𝜔𝑡) = 𝐸(𝜔𝑡)𝐿/𝜁 (41b),
where V is a reference velocity and L is the distance between the two electrodes.
Substituting the above dimensionless variables into Eq. (38), the non-dimensionalized
equation of motion becomes:
𝜕2 𝑣 ∗

𝜕2 𝑣 ∗

(𝜕𝑥 ∗2 + 𝜕𝑦∗2 ) = 𝑀 sin ℎ (𝜓 ∗ )𝐸 ∗ (𝜔𝑡) (42)
M is a new dimensionless group, which is a ratio of the electrical force to the frictional
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force per unit volume, given by:
𝑀 = 2𝓏𝑒𝑐∞ 𝜁 𝐷ℎ2 /𝓊𝑈𝐿 (43)
The corresponding non-dimensional boundary conditions are given by:
𝜕𝑣 ∗
𝜕𝑥 ∗

At 𝑥 ∗ = 0

𝜕𝑣 ∗
𝜕𝑦 ∗

At 𝑦 ∗ = 0

= 0 (44a)
= 0 (44b)

At 𝑥 ∗ = 𝐻/𝐷ℎ 𝑣 ∗ = 0 (44c)
At 𝑦 ∗ = 𝑊/𝐷ℎ 𝑣 ∗ = 0 (44d)
Eq. (42) is a 2D partial differential equation that can be solved numerically, using a finite
difference scheme and Gauss-Seidel iteration, once a solution for 𝜓 ∗ (𝑥 ∗ , 𝑦 ∗ )r has been
obtained.
From the dimensionless equations and boundary conditions, it can be concluded that
𝜓 ∗ and 𝑣 ∗ * are dependent on the following variables:
𝐻

𝜓 ∗ = 𝜓 ∗ (𝑥 ∗ , 𝑦 ∗ , 𝜁 ∗ , 𝑘𝐷ℎ , 𝑊)(45a)
𝐻

𝑣 ∗ = 𝑣 ∗ (𝑥 ∗ , 𝑦 ∗ , 𝜓 ∗ , 𝑀𝐸 ∗ (𝜔𝑡), 𝑊) (45b)
The performance of an electroosmotic pumping system can be characterized by using the
following two summary parameters: the volumetric flow rate and the average velocity. The
volumetric flow rate through the entire channel cross-section is given by:
𝐻

𝑊

𝑄𝑣𝑜𝑙 = 4 ∫0 ∫0 𝑣(𝑥, 𝑦)𝑑𝑥𝑑𝑦(46)
and the average velocity can then be determined using:
𝑉𝑎𝑣𝑔 =

𝑄𝑣𝑜𝑙
𝐴

=

𝑄𝑣𝑜𝑙
𝐻𝑊

(47)

Effect of aspect ratio: As the ratio of H:W approaches 1:1 (for a square channel), the flow
rate decreases. This is because of the larger role that corner effects have on the development
of the EDL and the velocity profile in square channels.
Effect of concentration: increasing concentration results in an increase in K as well as M.
Increasing the ionic strength or concentration results in the potential field falling off to zero
more rapidly with distance. This effect is also known as "compression of the double layer”.
Since ionic concentration or the ionic strength influences the zeta potential, as the ionic
strength or concentration is increased, the zeta potential decreases in value. As the zeta
potential decreases, so does the electroosmotic flow velocity and the volumetric flow rate.
Effect of electric field strength: a linear variation in volumetric flow rate with the applied
voltage along a rectangular microchannel
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Appendix 2
Joule heat
As mentioned previously, it is advantageous to process the flow control and species
transport in microfluidic devices by electrokinetically-driven methods, however, Joule
heating in the liquid is inevitable when an axial electrical field is applied along the channels
to generate the electrokinetic flow, which have traditionally limited the development of
microfluidic techniques.
This internal heating is problematic as it can cause non-uniform temperature gradients in
the liquid, local changes in viscosity, and subsequent zone broadening, especially the use
of as high electric fields as possible to receive the efficiency of pumping flow. Therefore,
it is necessary to control of temperature differentials especially when under high voltage
operating conditions, considering that the electroosmotic flow field can be influenced
significantly by Joule heating.
It should be simultaneously considered in terms of the effects of Joule heating on the
external potential, the temperature and the flow field in the microchannels. The effect of
Joule heating on electrokinetic processes using theoretical modelling and experimental
methods has been reported by a number of groups111, 205, 296-298 . Tang et al.299-300 made an
assessment of Joule heating and its effects on electrokinetic flow in microfluidic channels
and found that EOF velocity deviated from its normal “plug-like” profile. After that,
Erickson, Sinton and Li
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examined Joule heating and heat transfer in a T-shaped

microchannel intersection in poly(dimethylsiloxane) (PDMS) and hybrid PDMS/Glass
microfluidic systems, showing dramatic temperature gradients at the intersection. A novel
microfluidic temperature measurement method using thin-film Poly(dimethylsiloxane)/
Rhodamine B was presented by Samy et al.302 to measure the temperature field in a tapered
microchannel subjected to Joule heating. An experimental study of Joule heating effects
on electroosmotic flow in a typical insulator-based dielectrophoresis (iDEP) device was
reported by Sridharan303.
For steady electroosmotic microflow induced by an axial electrical field, the generation of
Joule heating is from the electric current passing through the buffer solution and the
governing equation for thermal energy transport in the whole capillary can be presented111,
296-297

as:
𝜕𝑇

𝜌𝑓 𝐶𝑝 ( 𝜕𝑡 + u∇𝑇) = ∇[𝜅(𝑇)∇𝑇] + Φ +

(𝐮 𝜌𝑒 −𝜎(𝑇)𝐸∙𝐸)2
𝜎(𝑇)

(48)

𝜌𝑓 is the density of either the liquid or the solid, 𝐶𝑝 is the specific heat, 𝑇 the absolute
temperature, 𝑡 the time, u the velocity vector, 𝜅(𝑇) the temperature dependent thermal
conductivity, Φ the viscous dissipation term, 𝜎(𝑇) the temperature dependent electrical
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conductivity of the liquid, 𝜌𝑒 the net charge density and 𝐸 the externally applied electric
field.
The first and second terms of Eq. (48) indicate the thermal energy transfer due to
convection and thermal diffusion, respectively, while the third and fourth terms show
thermal energy generation in the system due to viscous dissipation and Joule heating,
respectively. The first part of the fourth term is about the convective transport of the excess
charges in the EDL, and the second part of the fourth term is about conductive electric
current under the externally applied electrical field. Joule heating is an internal heat
generation mechanism, is proportional to the externally applied potential gradient and is
also proportional with the electrical conductivity of the liquid. This means that higher
electrical field strength and higher molar concentration both can result in higher heat
generation. Note that the terms containing u and 𝜎(𝑇) vanish in the solid domain because
there is neither liquid flow nor electric current in the capillary wall.
According to the reports from Tang et al304, heat generated by Joule heating is transferred
from the central region of capillary to the wall by convection and conduction, and then
dissipated through the capillary wall by conduction, eventually dissipated to the
surrounding by convection with the surrounding air. The thermal gradient between the
center of the capillary and the surroundings is illustrated in Figure 1-4.

Figure 1. Schematic of temperature gradients from capillary center to the surroundings. Where 𝑟1 and 𝑟2 are the
radii of the channel and the thickness of extruded filaments 𝑟1 = 100 𝜇𝑚, 𝑟2 = 400 𝜇𝑚.

As shown in Figure 1-4, the temperature difference depends on the capillary inner radius
(𝑟1 = 80~250 μm), the thickness of the capillary wall (𝑟2 =400 μm), their respective
thermal conductivities, and the heat transfer coefficient to the surroundings (h)305.
Theoretically this can be expressed by
∆𝑇𝑇 =

𝑄𝑟12 1
[
2 2𝒦1

1

𝑟

1

1

+ 𝒦 ln (𝑟2 ) + 𝑟 (ℎ)] (49)
2

1

2

∆𝑇𝑇 = 𝑇𝑜 − 𝑇𝑠 (50)
𝑇𝑜 = temperature at the capillary center line
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𝑇𝑠 = temperature of the surrounding environment
𝑄 = power density
r = radius (subscripts 1, 2 refer to the radii as indicated in Figure 1-2)
𝒦 = thermal conductivity (subscripts 1, 2 refer to the thermal conductivities of the buffer
and capillary material, respectively)
h = heat transfer coefficient from the capillary to the surrounding environment
In most practical cases, the magnitude of the overall temperature rise, 𝑇𝑜 − 𝑇𝑠 , is
dominated by the last term in equation:
𝑄𝑟 2

𝑇𝑜 − 𝑇𝑠 ≈ 2𝑟 1ℎ = 𝑇𝑤−𝑠 (51)
2

𝑇𝑤−𝑠 = temperature difference between outer capillary wall and surrounding environment
From the equations (48-51), it can be seen that the temperature depends on the power
(product of voltage and current) generated and is determined by the capillary dimensions,
thermal conductivity of the buffer, and the applied voltage. Therefore, the temperature can
be adjusted by three factors.
First of all, the dimension of capillary impacts directly on the temperature. Reducing the
capillary inner diameter (𝑑 = 2𝑟1 ) and increasing the capillary outer diameter can realize
a dramatic decrease in temperature differences. Therefore, it is advantageous to use narrow
inner radii capillaries with large outer radii, even when several hundred volts per centimetre
are applied. In addition, the high inner surface-to-volume ratio helps dissipate the generated
heat through the capillary wall.
Another aspect is that the temperature gradients will be reduced with a reduction in power
(Q). Lowering the applied voltage or current density is effective to decrease the generation
of heat. Considering that the voltage impacts positively on the flow properties in capillary,
the current density that results in power dissipation should be reduced. A variety of
methods can be used to reduce the current. Firstly, the current is determined by the capillary
dimension
[𝐼 = κ . E . (π𝑟1 2 ), ].
Therefore, a decrease of the capillary inner diameter can also realize a dramatic decrease
of current. Secondly, decreasing the buffer conductivity by lowering the ionic strength
1

(𝐼 = 2 ∑𝑛𝑖=1 𝑐𝑖 𝑧𝑖2 )
or decreasing buffer ion mobility could be useful but have practical limitations. In practice,
low mobility buffers that contain large, minimally charged ions, such as Tris, borate,
histidine and CHAPS are frequently used when it is necessary.
The third way to decrease the temperature is to change the thermal conductivity of the
capillary material and buffer. Tang et al.300 compared the transient temperature fields of
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liquid solution in glass and PMMA polymer-based microchannels to demonstrate that Joule
heating effect becomes significant when poor thermal conductivity of the channel wall (i.e.,
PMMA wall) is used. Therefore, thermal conductivity of the capillary material and the
choices of materials can influence effectively on the heating dissipation. Filling the
composites such as BN or graphene which have high thermal conductivity into the capillary
material is an effective way to change the conductivity of polymer materials when they are
chosen to be capillary materials.
As last, removal of heat from the outer capillary wall, in order to decrease and stabilize the
temperature difference between capillary center and its surrounding environment, is also
extremely important because of h (heat transfer coefficient) playing a key role. This can be
accomplished by means of a cooling system, which thermostats the capillary with liquid or
high velocity air circulation.
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Appendix 3
BNPU capillary structures G-code
Conditions of KIMM printer:
Nozzle Diameter: 0.4 mm
Temperature: 185 – 190 °C
Pressure: 450 – 550 KPa
Feed rate: 50 mm/min
Temperature of hot plate under glass slide: 70 °C
The code was defined based on Cartesian Axes: Z: 0.35 mm
Y (mm)

(-15, 0.2)

(15, 0.2)

(-15, -0.2)

(15, -0.2)

Flowrate during printing (mg/s)
Materials

Average

Standard Deviation

Neat PU

0.112

0.013

1 BNPU

0.104

0.004

3 BNPU

0.100

0.009

5 BNPU

0.101

0.022

10 BNPU

0.094

0.006

20 BNPU

0.085

0.003
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X (mm)

Appendix 4
Face centre cubic (FCC) and Body centre cubic (BCC)
In this thesis, FCC (face centre cubic) and BCC (body centre cubic) were used to describe
the extruded filaments arrangements that formed the capillaries or microchannels. The
definitions of FCC and BCC will be discussed in detail.
Face Centre Cubic (FCC) log-pile like
Face centre cubic log-pile like: a unit has a quadrangle centred capillary or microchannel
formed by arranging four extruded filaments at corners of a rectangular cube.

Body Centre Cubic (BCC) log-pile like
Body centre cubic log-pile like: a unit has a trilateral centred capillary or microchannel
formed by arranging three extruded filaments at corners of an equilateral triangle cube.
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Appendix 5
Macros_Image J
Image J was used to measure the dimensions and areas of the printed capillaries and
microchannels in this thesis. The calculated methods or macros related to Image J will be
listed in detail.
Macros that used for the measurement of capillary dimensions (heights and widths) and
areas in Table 3.1 are listed in detail.
//setTool("line"); makeLine(409, 425, 517, 426); run("Set Scale...", "distance=108.0046 known=200
unit=um");
run("Set Measurements...", "area mean standard min perimeter integrated stack display redirect=None
decimal=3");
//setTool("freehand"); run("Measure");
//setTool("line"); makeLine(464, 62, 463, 61); makeLine(190, 272, 298, 268);run("Measure");
makeLine(246, 203, 251, 272); run("Measure");

For other chapters (chapter 4~7), the macros were similar to the macros above.
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Appendix 6
Multi-capillaries EOPs

Figure 1 The cross-sectional views of 3D printed PLA-FCC/BCC multi-capillary structures
(The scale bar is 200 𝜇m for FCC/BCC 1-capillary structures, the scale bar is 500 𝜇m for
other structures)
Figure 1 shows PLA-FCC/BCC multi-capillary structures that used to test the flow rates of
3D printed multi-capillary EOPs in Section 4.4.4 in Chapter 4. For FCC configurations,
the number of capillaries in these printed FCC capillary structures was clearly observed to
be the same as the intended print design, representing the same trends as Figure 4.1. For
BCC configurations, the number of capillaries with two sizes of triangular shapes was not
same as the figure of designed ones, due to the smaller capillaries (blue-highlighted) in the
BBC printed structures were likely to have collapsed as a result of the filament slumping
processes during printing, and few capillaries (green-highlighted) were not sealed properly
in some instances. Therefore, the number of the printed capillaries (yellow-highlighted) for
BCC structures in Figure 1 was considered as 1+, 3+, 6+, 10+, and 15+, respectively.
Theses capillaries were considered to be the main microchannels to have a significant role
in EOP operation in this work.
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Figure 2 The cross-sectional views of 3D printed TPU-FCC/BCC multi-capillary structures
(The scale bar is 200 𝜇m for FCC/BCC 1-capillary structures, the scale bar is 500 𝜇m for
other structures)
For TPU-FCC/BCC multi-capillary structures and EOPs, the number of capillaries
(particular for BCC) was considered as the similar way as PLA-EOPs.
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Appendix 7

Figure 1 Surface morphological characterization of TPU-FCC single capillary structure
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Appendix 8
Table 1.0 Summary of 3D printed electroosmotic pumps (EOPs)
Materials

EOPs design

single-capillary
FCC

single-capillary
BCC

PLA

Microchannel(s)
Dimensions
197μm-width ×
166μm-height ×
10mm-length
197μm-width ×
166μm-height ×
20mm-length
197μm-width ×
166μm-height×
40mm-length
184μm-width ×
106μm-height ×
10mm-length
184μm-width ×
106μm-height ×
20mm-length
184μm-width ×
106μm-height ×
40mm-length

Fabric
ation

16-capillary
FCC
25-capillary
FCC

Commercial materials

10-capillary
BCC
15-capillary
BCC

0.15~0.75
200~1500V (-1500~200V)
0.1~1.0

0.1~1.0
FDM3D
printed

197μm-width ×
166μm-height ×
20mm-length

single-capillary
FCC

single-capillary
BCC

TPU

184μm-width ×
106μm-height ×
20mm-length

183μm-width ×
161μm-height ×
10mm-length
183μm-width ×
161μm-height×
20mm-length
183μm-width ×
161μm-height×
40mm-length
166μm-width ×
121μm-height ×
10mm-length
166μm-width ×
121μm-height ×
20mm-length
166μm-width ×
121μm-height ×
40mm-length

16-capillary
FCC
25-capillary
FCC

10-capillary
BCC
15-capillary
BCC
single-capillary
FCC
PLA
single-capillary
BCC

3

0.1~2.25

50~800V (-800~-50V)

0.1~1.0

50~700V (-700~-50V)

0.05~0.4

10~200V (-200~-10V)

0.05~0.35

10~150V (-150~-10V)

0.1~1.0

50~800V (-800~-50V)

0.1~1.25

50~800V (-800~-50V)

0.1~1.1

10~400V (-400~-10V)

0.05~1.4

10~300V (-300~-10V)

0.1~0.8

0.15~1.0
200~1500V (-1500~200V)
0.1~0.6

0.1~1.5
FDM3D
printed

183μm-width ×
161μm-height×
20mm-length

3-capillary BCC
6-capillary BCC

166μm-width ×
121μm-height ×
20mm-length

3

0.1~1.0

50~600V (-600~-50V)

0.1~1.0

50~400V (-400~-50V)

0.05~1.8

50~350V (-350~-50V)

0.05~0.65

25~200V (-200~-25V)

0.1~3.1

FDM3D
printed
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5.0mMNa2CO3
/5.0mMNaHCO

0.1~1.25

0.1~2.5

197μm-width ×
166μm-height ×
20mm-length
184μm-width ×
106μm-height ×
20mm-length

5.0mMNa2CO3
/5.0mMNaHCO

0.1~0.3

0.225~0.8

4-capillary FCC
9-capillary FCC

Buffer
solutions

0.22~0.9

3-capillary BCC
6-capillary BCC

Applied voltage

0.2~1.1

4-capillary FCC
9-capillary FCC

Flow rates (
μl/min)

50~1200V (-1200~50V)
50~1200V (-1200~50V)

0.1~3.0

50~800V (-800~-50V)

0.05~2.25

50~600V (-600~-50V)

0.025~2.5

0.03mMNa2CO
200~1500V (-1500~200V)

0.06~1.6

3

/0.03mMNaHC
O3

single-capillary
FCC
single-capillary
BCC
single-capillary
FCC
single-capillary
BCC
single-capillary
FCC
single-capillary
BCC
single-capillary
FCC
TPU
single-capillary
BCC
single-capillary
FCC
single-capillary
BCC
0BNPU

1BNPU

3BNPU
1-capillary FCC
5BNPU

10BNPU

20BNPU

Novel materials

0BNPU

1BNPU

3BNPU
1-capillary BCC
5BNPU

10BNPU

20BNPU

0BNPU

1BNPU

3BNPU

5BNPU

10BNPU

1-capillary FCC

197μm-width ×
166μm-height ×
20mm-length
184μm-width ×
106μm-height ×
20mm-length
197μm-width ×
166μm-height ×
20mm-length
184μm-width ×
106μm-height ×
20mm-length
183μm-width ×
161μm-height×
20mm-length
166μm-width ×
121μm-height ×
20mm-length
183μm-width ×
161μm-height×
20mm-length
166μm-width ×
121μm-height ×
20mm-length
183μm-width ×
161μm-height×
20mm-length
166μm-width ×
121μm-height ×
20mm-length
210μm-width ×
180μm-height ×
20mm-length
213μm-width ×
172μm-height ×
20mm-length
223μm-width ×
260μm-height ×
20mm-length
248μm-width ×
235μm-height ×
20mm-length
178μm-width ×
145μm-height ×
20mm-length
275μm-width ×
212μm-height ×
20mm-length
166μm-width ×
115μm-height ×
20mm-length
141μm-width ×
84μm-height ×
20mm-length
133μm-width ×
96μm-height ×
20mm-length
132μm-width ×
102μm-height ×
20mm-length
174μm-width ×
112μm-height ×
20mm-length
196μm-width ×
100μm-height ×
20mm-length
210μm-width ×
180μm-height ×
20mm-length
213μm-width ×
172μm-height ×
20mm-length
223μm-width ×
260μm-height ×
20mm-length
248μm-width ×
235μm-height ×
20mm-length
178μm-width ×
145μm-height ×
20mm-length

0.05~1.5
5mM Tris/5mM
CHES
0.05~1.0

0.05~1.1
0.05mMPBS
0.05~0.9

0.05~1.5

0.03mMNa2CO

0.05~2.0

/0.03mMNaHC
O3

3

0.05~1.6
5mM Tris/5mM
CHES
0.05~1.8

0.05~0.82
0.05mMPBS
0.05~1.4

0.1~0.9

0.1~0.7
Pneum
atic
extrusi
onbased
printin
g

0.1~1.0
200~1500V (-1500~200V)
0.1~1.3

0.1~1.5

0.05~0.5

0.25mMNa2CO

0.1~1.2

/0.25mMNaHC
O3

3

0.1~0.4
Pneum
atic
extrusi
onbased
printin
g

0.1~0.5
200~1500V (-1500~200V)
0.1~0.2

0.1~0.4

0.1~0.5

0.05~0.55

Pneum
atic
extrusi
onbased
printin
g

0.05~0.50

0.05~0.50

0.05~0.50

0.05~0.32

246

200~1500V (-1500~200V)

5mM Tris/5mM
CHES

20BNPU

0BNPU

1BNPU

3BNPU
1-capillary BCC
5BNPU

10BNPU

20BNPU
0EFG/PL
A
5EFG/PL
A
10EFG/P
LA

1-capillary FCC

275μm-width ×
212μm-height ×
20mm-length
166μm-width ×
115μm-height ×
20mm-length
141μm-width ×
84μm-height ×
20mm-length
133μm-width ×
96μm-height ×
20mm-length
132μm-width ×
102μm-height ×
20mm-length
174μm-width ×
112μm-height ×
20mm-length
196μm-width ×
100μm-height ×
20mm-length
191μm-width ×
194μm-height ×
20mm-length
128μm-width ×
125μm-height ×
20mm-length
197μm-width ×
192μm-height ×
20mm-length

0.05~0.24

0.15~0.63

0.05~0.40
Pneum
atic
extrusi
onbased
printin
g

0.05~0.30
200~1500V (-1500~200V)
0.05~0.30

0.05~0.25

0.05~0.25

FDM3D
printed
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0.225~2.0

200~1500V (-1500~200V)

0.10~0.40

100~800V (-800~100V)

0.05~0.30

100~400V (-400~100V)

1.25mMNa2CO
3

/1.25mMNaHC
O3
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